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Abstract 
 This thesis presents the design, synthesis and characterization of [2]rotaxane, 
[2]pseudorotaxane and [3]rotaxane ligands and their resulting coordination to metal 
centers. Chapter 1 introduces the concepts of interpenetrated and interlocked molecules, 
molecular motion, metal-ligand interactions and metal organic rotaxane frameworks 
(MORFs).  
 Chapter 2 explores the preliminary studies of the coordination ability of a model 
compound containing a xylene backbone with two sulphur donor atoms to a range of 
metal ions with various geometries. This was followed by the synthesis of a new 
thioether crown ether ligand and the resulting coordination of this ligand with the same 
metal centers studied with the model ligand. Where possible, the single crystal X-ray data 
for these coordination complexes was collected and has been presented.  
  In chapter 3, this new thioether crown ether was used in the formation of 
[2]rotaxane ligands. Upon the addition of silver(I), the sulphur atoms of the crown ether 
coordinated to the metal center forming a 1D polymer strand with a zig-zag pattern. A 
[2]rotaxane with sulphur atoms on both the wheel and axle resulting in six donors, was 
synthesized and coordinated to silver(I). The result is a unique interwoven MOF 
architecture containing a 1D polymer strand connected to a 2D polymer sheet by the 
interlocked nature of the [2]rotaxane.  
 Chapter 4 takes a look at a [2]pseudorotaxane with two sulphur atoms on the 
crown ether and one sulphur atom on the axle. This system has the potential to switch to a 
[1]rotaxane upon the addition of a metal center as both the axle and wheel coordinate to a 
metal center. The metal center acts as a stopper preventing the individual components 
  vi 
 
from separating. Coordination of the [2]pseudorotaxane to silver(I) was observed through 
1H NMR spectroscopy, but a shift in equilibrium occurs as pseudorotaxane formation 
becomes less favourable.  
 Chapter 5 describes the synthesis of a [3]rotaxane and the resulting coordination 
of the neutral [3]rotaxane ligand to a range of metals. Coordination to the metal center 
does occur but in the process the [3]rotaxane becomes protonated.  
 The final chapter summarizes the lessons learned and possible future endeavors.   
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Chapter 1: Introduction 
1.1 Overview: A Historical Perspective  
 The field of supramolecular chemistry started with the work of Pedersen, Cram 
and Lehn for which they were awarded the Nobel Prize in Chemistry in 1987.  Pedersen 
first synthesized a wide variety of crown ether molecules in 1967.1 These crown ethers 
form stable complexes with cations.1 Cram introduced the term host-guest chemistry in 
1974 to describe what happens within the cavity of Pedersen’s crown ethers and his 
spherands.2 Finally in 1978, Lehn synthesized cryptands and defined supramolecular 
chemistry as the ‘chemistry beyond the molecule”.3 An example of these crown ethers, 
spherands and cryptands can be seen in Figure 1.1.  
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Figure 1.1: Examples of (a) Pedersen’s crown ether, (b) Cram’s spherand and (c) Lehn’s 
cryptand.1-3  
 The first reported [2]rotaxane was synthesized in 1967 by Harrison which utilized 
a statistical approach resulting in 6% of the desired product.4 It was in 1983 that Sauvage 
introduced a templating synthesis for rotaxane formation which allowed for rotaxanes to 
be synthesized on a much larger scale.5 Since then, the field has greatly expanded as new 
temptations for rotaxanes have been synthesized and applications in molecular machines 
has been studied by Stoddart, Leigh, and many others.6,7  
c) a) b) 
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1.1.1 Supramolecular Chemistry 
 There have been a few definitions of supramolecular chemistry over the years but 
it was Lehn who first defined it as ‘chemistry beyond the molecule’.3 In most fields of 
chemistry, the focus is on the covalent bond but in supramolecular chemistry it is the 
non-covalent interactions that bind molecules together and provide stabilization to the 
complex. Supramolecular chemistry is the formation of new structures from molecular 
sub-units self assembling into a chemical species held together by intramolecular forces 
resulting in a more organized and higher complexity species.8,9  
 Supramolecular species are characterized by the spatial arrangement of their 
components, architecture, and the nature of the intermolecular bonds.9 There are various 
types of non-covalent interactions which give different degrees of strength and 
directionality to the structure. The strength of these interactions range from ~2 kJ/mol to 
~350 kJ/mol and include metal ion coordination, electrostatic forces and van der Waals 
forces. These interactions and their strengths are summarized in Table 1.1 and some 
examples are shown in Figure 1.2.10,11 In general, intermolecular interactions are 
thermodynamically less stable than covalent bonds.9 
Table 1.1: Non-covalent interactions and their relative energies.10,11 
Interaction Energy (kJmol-1) 
Metal coordination bond 100 - 300 
Ion-ion 100 - 350 
Ion-dipole 50 - 200 
Dipole-dipole 5 - 50 
Hydrogen bonding 4 - 120 
π-π  2 - 50 
Cation-π 5 - 80 
Anion-π 5 - 80 
van der Waals < 5 
 
  3 
 
O
O
O
OO
O
K
ion - dipole
OC
O C
dipole - dipoleion - ion
hydrogen bonding π - π cation - π
O H
O OH
O
H
H
N Cl
K
 
Figure 1.2: Some examples of non-covalent interactions. 
1.1.2 Interpenetrated and Interlocked Molecules 
 Supramolecular chemistry involves the self-assembly of smaller molecules into 
larger complex assemblies held together by non-covalent interactions.8 In some cases, the 
structure is considered a host-guest complex since a small guest molecule sits within the 
cavity of a larger host molecule.8 An interpenetrated assembly such as a pseudorotaxane 
consists of a guest molecule that is threaded through a host molecule and held together 
through various non-covalent interactions. Since the guest molecule is not covalently 
bonded to the host molecule, the pseudorotaxane is in equilibrium with its individual 
components. An interlocked molecule such as a rotaxane can be formed from a 
pseudorotaxane. Here it is the large terminal groups that are covalently bonded to the 
guest molecule that prevents the individual components from separating. This results in 
the compound being permanently locked together but not joined through a covalent 
bond.12  
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1.1.3 Pseudorotaxanes 
 Pseudorotaxanes are a class of supramolecular complex which is comprised of a 
linear ‘axle’ threaded through a macrocyclic ‘wheel’ as shown in Figure 1.3. The linear 
axle molecule (blue) sits within the cavity of the macrocycle (red) due to the favourable 
non-covalent interactions present.13 Since these interactions are reversible, the 
pseudorotaxane is in equilibrium with the individual components; axle and wheel. The 
position of the equilibrium for pseudorotaxane formation depends upon the ratio of the 
components, the size of the macrocycle, the length of the axle, the concentration of the 
solution and the strength of the interactions.6  
 
Figure 1.3: Pseudorotaxane formation from a linear axle (blue) and a macrocyclic wheel 
(red). 
 It is the many non-covalent interactions working together that help stabilize a 
pseudorotaxane, an example of which can be seen in Figure 1.4. In this case, the ion-
dipole interactions between the oxygen atoms of the crown ether and the pyridinium 
nitrogen atom of the axle, the hydrogen bonding between the more acidic C-H hydrogen 
atoms of the axle and the oxygen atoms of the crown ether and the π-stacking of the 
aromatic rings of the electron-poor pyridinium and electron-rich catechol are all working 
together to form the complex.14 
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Figure 1.4: An example of a [2]pseudorotaxane showing the many stabilizing non-
covalent interactions present in the complex.14 
 The stronger the combined non-covalent interactions the better since the 
pseudorotaxane formation is more favourable and the equilibrium lies to the right. The 
site where these interactions occur is known as a recognition site and there are currently 
many different sites available. One of the earlier sites discovered by Stoddart is the 
paraquat dication site as seen in Figure 1.5 (a), which has a combination of electrostatic 
and charge transfer interactions when complexed to a bisparaphenylene-34-crown-10 
ether thus forming a pseudorotaxane.15 Loeb and Wisner later discovered a new 
recognition site which could be used to form a pseudorotaxane. In this case a 1,2-
bis(pyridinium)ethane dication axle is used to form the pseudorotaxane with 24-crown-8 
ether or the benzo derivatives.16 Another type of recognition site is the N-benzylanilinium 
axle which gives a 1+ pseudorotaxane as a result when a dibenzo-24-crown-8 wheel is 
present.17 In this case the recognition site includes two acidic N-H protons for hydrogen 
bonding as well as the components required for ion-dipole interactions and π-stacking. 
The last recognition site of the many available that I will mention is the fairly new 
benzimidazolium axle discovered by Zhu and Loeb that works well with 24-crown-8 
ether wheels.18 In this case the axle has advantages such as a much stronger association 
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between the axle and crown ether and the ability to functionalize the axle easily.18 A few 
examples of the many recognition sites available that bind 24-membered crown ether 
wheels can be seen in Figure 1.5.  
N N
N
N
N
N
NH2X
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H
 
Figure 1.5: A variety of axles with different recognition sites for pseudorotaxane 
formation. (a) Stoddart’s paraquat dication involving a 34-membered crown ether15 and 
Loeb’s (b) 1,2-bis(pyridinium)ethane dication16, (c) N-benzyanilinium17 and (d) 
benzimidazolium axles18 involving a 24-membered crown ether.  
 It is also important to note that a variety of macrocyclic molecules can be used in 
the construction of interpenetrated and interlocked molecules. These include crown 
ethers, cyclodextrins, cucurbiturils and calixarenes, examples of which are depicted in 
Figure 1.6.19 The previously described recognition sites utilize various crown ethers in 
pseudorotaxane formation and our research interest is in dibenzo-24-crown-8 ether 
derivatives.  
c) d) 
a) b) 
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Figure 1.6: Examples of macrocycles include (a) dibenzo-24-crown-8, (b) α-cyclodextrin, 
(c) cucurbit[6]uril and (d) calix[6]arene.19  
1.1.4 Rotaxanes 
 A rotaxane can be formed from a pseudorotaxane precursor through the addition 
of large bulky ‘stopper’ groups to the ends of the axle. This prevents the components 
from separating from one another even if the supramolecular interactions are broken. 
There are many different possible stoppering groups and reactions to form a covalent 
bond including simple organic stoppers such as 4-tert-butylbenzyl and inorganic 
complexes such as an organopalladium compound.20 Two examples from the Loeb group 
are shown in Figure 1.7.20 In both examples, there are non-covalent interactions between 
the axle (blue) and the crown ether (red). In one case a bulky organic stopper (green) is 
used to prevent the crown ether from separating from the axle while the other uses a large 
c) d) 
a) b) 
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inorganic complex as the stopper. A rotaxane can also be formed in a variety of other 
ways including clipping and slippage which will be discussed further in Section 1.1.5.  
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Figure 1.7: Examples of a [2]rotaxane with a bispyridinium recognition site with (a) tBu 
benzyl stoppers20 and (b) PdII complexes as stoppers20.  
 When discussing rotaxanes an important nomenclature that is used is 
‘[n]rotaxane’ where n equals 1, 2, 3, etc.. This n value represents the number of 
interlocked components present in the full rotaxane molecule. In the case of a 
[2]rotaxane, there is a single macrocyclic wheel and a single dumbbell-shaped axle 
interlocked together. In the case of a [3]rotaxane, there are two scenarios. The first 
possibility is that there is a single axle with two macrocyclic wheels. The other is that 
there are two axles threaded through a single macrocyclic wheel. A [1]rotaxane is 
uncommon but possible if the axle is attached covalently to the macrocycle and is flexible 
a) 
b) 
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enough that it can thread through itself. Examples of [2] and [3]rotaxanes can be seen in 
Figure 1.8.  
 
Figure 1.8: An example of a (a) [2]rotaxane21 and a (b) [3]rotaxane22. 
1.1.5 Synthesis 
 There are a few different ways to synthesize a rotaxane. Each of these methods 
requires there to be sufficient non-covalent interactions between the individual 
components for them to interact with one another. There can be any number of non-
covalent interactions acting as a template to hold the components together. The rotaxane 
can be synthesized through methods known as threading followed by stoppering, 
clipping, slippage or click formation which are illustrated in Figure 1.9.  
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Figure 1.9: Some of the possible ways to form a rotaxane: (a) threading followed by 
stoppering, (b) clipping, (c) slippage and (d) click formation.  
 In the case of threading followed by stoppering, a pseudorotaxane is first formed 
with a macrocycle and an axle. A capping reagent is then added under the right 
conditions to form a covalent bond at each end of the axle. When choosing a stopper 
group, the size must be taken into account since the caps must be large enough so that the 
macrocycle cannot simply unthread from the resulting dumbbell. It is also possible to 
start with an axle that already has one end stoppered.  
 Another way to form a rotaxane is through a slippage process. In this case the 
wheel and axle are synthesized separately with the axle already having the stopper groups 
present – a dumbbell. The components are then stirred together under appropriate 
conditions which allow for the system to overcome the barrier of free energy allowing the 
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wheel to ‘slip’ over the stopper groups of the dumbbell. In the design of the stopper 
groups, a group that is just the right size is needed so that the macrocycle can pass over 
when time or heat is applied to the system and still act as a stopper. An example of a 
slippage formed [2]rotaxane with a dibenzo-24-crown-8 ether (DB24C8) and a 1,2-
(bispyridium)ethane axle contains cyclohexyl stopper groups on the ends of the axle.23 In 
this case, the cyclohexyl substituents on the axle are of an appropriate size that that crown 
ether can slip over when the system is heated but remain on the dumbbell at room 
temperature. This method allows for some rotaxanes to be synthesized when the 
threading or clipping method does not work.6  
 In the case of clipping for rotaxane formation, a preformed dumbbell is required. 
An acyclic precursor then interacts with the thread which is acting as a template to form 
the complete macrocycle.24 Once the precursor interacts with the dumbbell, a ring closing 
reaction is performed resulting in the desired rotaxane.  
 Another synthetic technique for rotaxanes is ‘click formation’ (or catalytic ‘click’ 
rotaxanes). In this case a metal complex acts as a template and interacts with the 
macrocycle. Two of the ligands on the metal center include a functional group on one end 
and a bulky group on the other end which will acts as the stopper groups for the rotaxane. 
The functional groups can react with each other using the metal as a catalyst and become 
a single compound. Since the metal is coordinated to the macrocycle, the reaction occurs 
within the cavity of the macrocycle. After the reaction, the metal catalyst is removed and 
the desired rotaxane is obtained.21  
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1.1.6 Molecular Motions 
 Rotaxanes are of interest as rudimentary examples of molecular machines since 
they have the potential to undergo various large amplitude molecular motions such as 
rotation of the macrocycle relative to the axle and translation of the macrocycle along the 
linear portion of the axle. These motions can occur at room temperature due to Brownian 
forces.25 In the case of a bistable system, an external stimulus is required to cause a 
change between the states since the initial product is the thermodynamically stable state. 
These stimuli include a change in pH, protonation of the axle or solvent change. For a 
molecule to be considered a molecular machine though, some sort of work needs to be 
done and a net molecular movement is required.25 Only types of molecular motion will be 
discussed here.  
 One type of motion that a rotaxane can undergo is rotation of the wheel about the 
axle, but this is usually of very low energy and difficult to observe. In the Sauvage group, 
they have synthesized a pirouetting rotaxane which can be seen in Figure 1.10.26 In this 
case, a crown ether with two different coordination environments is templated with CuI to 
form the desired [2]rotaxane. By changing the redox state of the CuI to CuII the rotaxane 
can rotate around the axle as the metal coordinates to a different ligand on the crown 
ether. This process can be repeated to make the crown rotate back to the original position 
but the direction that the rotation occurs cannot easily be controlled in this case. Another 
example is Leigh’s fumaramide based [2]rotaxane that can rotate in solution through 
photoisomerization.27 The rate of rotation can be accelerated by stimulating the rotaxane 
with light and observed through 1H NMR spectroscopy. In the case of the E- isomer, the 
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rotation is slow but upon conversion of the rotaxane to the Z- isomer the rotation process 
becomes much lower in energy causing a faster rotation.  
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Figure 1.10: Sauvage’s pirouetting rotaxane.26 
 For a rotaxane to undergo translation there needs to be at least two recognition 
sites for a single macrocyclic wheel. If the recognition sites are different then the 
molecule can form two different co-conformations or states and the system is bistable; it 
can be switched between the two states. An example of this reported by Loeb is shown in 
Figure 1.11. In this case, the two different recognition sites are a 1,2-
bis(pyridinium)ethane dication and a benzylanilinium.28 In the synthesized form, the 
crown ether resides at the dication pyridinium site of the axle. In order for the crown 
ether to shuttle along the axle to the other site, the addition of acid is required to 
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protonate the benzylaniline. The crown ether then prefers to rest at this site instead and 
shuttles along the axle to do so. This process is reversible upon the addition of a base.  
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Figure 1.11: Molecular shuttle of Loeb and Vella’s [2]rotaxane.28 
 A more sophisticated example is Sauvage’s molecular muscle which uses 
chemical stimuli to exchange the coordinated metal ions, causing translational motion 
along the axle as shown in Figure 1.12.29 In this case, the axle portion is connected to the 
crown ether and two different molecules can thread together to form a doubly threaded 
structure. Each axle has two possible recognition sites. The [2]rotaxane can bind to two 
metal centers in either a four or five coordinate geometry. When coordinated to the four 
coordinate CuI, the ‘muscle’ is extended. Upon metal exchange with the five coordinate 
ZnII, the ‘muscle’ contracts as the crown ethers slide along the thread to a different 
recognition site which is closer to the ends.  
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Figure 1.12: Sauvage’s molecular muscle.29 
 In the case of a molecular flip-switch, the macrocycle remains at a single 
recognition site but can move in such a way so that the substituents on the wheel change 
which end of the axle the interaction occurs. The macrocycle can change orientation 
relative to the axle and ‘flip’ to interact with a different end group as seen in Figure 1.13. 
A study by Loeb looked at the flipping motion of benzo-naphtho-24-crown-8 with 
different unsymmetrical axles.30 In each case, the crown ether has a preferred orientation 
relative to the axle. For one rotaxane in acetonitrile, the naphthyl group of the crown 
prefers to π-stack with the 4,4'-bipyridinium group while the benzo group π-stacks with 
the 4,7-diazapyrenium group of the axle. The crown can ‘flip’ between these sites, 
changing the ratio of each co-conformation by changing solvent polarity.  
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Figure 1.13: An example of a molecular flip-switch.30 
 Another example is the ‘flapping’ [3]rotaxane reported by Sauvage’s group.31 The 
[3]rotaxane is synthesized using CuI as a template. By either electrochemically changing 
the CuI to CuII or by metal exchange of CuI for ZnII, the crown ethers of the [3]rotaxane 
change from 4-coordinate to 5-coordinate and have to ‘flap’ to accommodate this 
additional site as seen in Figure 1.14. This process is reversible.  
  17 
 
N
O
O
O
N
O
O
O
N
O
O
O
N
O
O
O
NN NN
N
N
NN
N
N
OO
NN NN
N
N
NN
N
N
OO
N
Cu Cu
Zn Zn
N
O
O
O
N
O
O
O
O
O
O
N
O
O
O
 
Figure 1.14: An example of a ‘flapping’ [3]rotaxane.31 
 1.2 Metal-Ligand Interactions 
 Ligands can donate electrons to a metal ion to form a coordination complex. The 
metal ion can act to hold the organic ligands together and orient them in a specific 
direction.9 The design of the ligand and the choice of metal ion are thus important in 
determining the complex architecture.9 There are many metal ions available, with a large 
range of coordination geometries, binding strengths, formation and dissociation kinetics 
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and there are a large variety of properties that can be incorporated into the resulting 
complex: for example magnetic, optical, photophysical, and electrochemical.9  
 Metal coordination can be considered a type of host-guest interaction in which the 
metal is the guest and the resulting geometry is dictated by the host ligands. Coordination 
complexes fall under the category of self-assembly since the process is reversible.32 The 
presence of kinetically labile coordinative bonds allow for corrections during complex 
formation which minimizes defects within the structure and produces the most 
thermodynamically stable product.33  
  Various types of metal-ligand assemblies such as triangles, squares, stars, wheels, 
toroidals, boxes, helical, racks, ladders, grids, etc. can be prepared under the correct 
conditions.9 Helical structures result from having flexible linear polydentate ligands and a 
labile metal ion that prefers a tetrahedral conformation over square planar.32 If a more 
rigid ligand with multiple binding sites is used in coordination, a grid can result instead 
which is usually planar.32 Higher order motifs such as racks and ladders all have ligands 
at 90° to one another and require a second ligand to link the two rows together. Cyclic 
motifs include metallocycles which form a closed structure such as a triangle, square, 
rectangle and other polyhedral shapes in both 2D and 3D. Oligomers are macromolecules 
that link metal ions with ligands in a `linear` fashion and require a terminating species to 
bind or deactivate the end coordination sites.32 A cartoon representation of these metal-
ligand assemblies is shown in Figure 1.15.  
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Figure 1.15: Cartoon examples of metal-ligand assemblies: (a) helix (b) rack (c) ladder 
(d) grid (e) cyclic motif – triangle and (f) oligomer. 
1.3 Coordination Polymers (CPs) and Metal Organic Frameworks (MOFs) 
 A coordination polymer (CP) is a polymeric version of a coordination complex. A 
net can be used to describe a coordination polymer (CP) where a net is a collection of 
points (nodes) with a clear connectivity (rods).34 Metal organic frameworks (MOFs) are a 
sub class of coordination polymers which have porosity and result in 2D or 3D structures. 
When synthesizing a framework the cavities within the MOF are usually filled with 
solvent and/or counterions. If a MOF is stable, the solvent molecules can be removed 
leaving the MOF intact. These pores within the MOF can be affected by the organic 
ligands. Post modification can be done on the MOF to increase the pore size and free 
space such as removing a bulky group on the ligand.35,36 Solid-state NMR is useful for 
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the analysis of MOFs since it can give information on the structure, dynamics and host-
guest interactions within the MOF.37  
 There are some problems that can be encountered when forming coordination 
polymers or MOFs such as predicting the resulting geometry of the structure. Both 
polymer chains and smaller discrete structures can be formed which can be controlled 
depending on the metal ions.38 If a metal with divergent sites is present then a polymeric 
structure forms but in the case of convergent sites or partially capped metals then 
structures such as triangles and boxes are formed instead of MOFs. The choice of the 
metal also directs the structure since each metal and its various oxidation states can give a 
different geometry such as linear, bent, trigonal, square planar, tetrahedral, prismatic and 
octahedral.39 Labile metals are preferred in MOF formation since the assembly is 
reversible but this introduces a problem in predicting the structure since labile metals do 
not have a strong preference for any given geometry.38 This can be avoided by using 
more rigid ligands which reduces the freedom and can help to direct a certain structure. 
Secondary binding units (SBUs) are also widely used as nodes in forming MOFs since 
they are effective in forming highly porous MOFs.40 In this case, a preformed metal 
complex acts to connect the organic linkers. An example is Yaghi’s MOF-5 in which the 
SBU is an octahedral Zn4O cluster that connects the benzene linkers forming a highly 
porous structure as represented by the yellow sphere in Figure 1.16.41 
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Figure 1.16: Single crystal structure of Yaghi’s MOF-5.41 (Figure reprinted with 
permission) 
 Another problem that can occur is interpenetration of frameworks which have an 
increased chance of forming if long, flexible linkers are used resulting in collapsed and 
often unstable structures.42 The disadvantage of having the pores filled with other 
networks is that the porosity of the MOF is reduced. Sometimes this can be avoided if 
there are strong interactions between the MOF and guest molecules which can sit within 
the cavity of the MOF preventing a second network from doing so.38,39  
 Interpenetration is not necessarily always a bad thing though since the presence of 
a network within a cavity also minimizes or prevents other guest molecules such as 
solvents from filling the space instead. This makes the MOF more structurally stable 
since the framework could collapse upon solvent removal. A second framework also 
allows for a larger surface area in the same space which can be useful if interest lies in 
gas adsorption and storage.39 By having a second network you can also obtain interesting 
properties since the sheets can move causing a structural change. It is also possible for the 
interpenetration to be reversible as in the 3-dimensional MOF-123, [Zn7O2(2-
nitrobenzene-1,4-dicarboxylate)3(DMF)2], from the Kim group which contains 
dimethylformamide ligands (DMF) within the cavities of the MOF.43 When heated and 
the DMF ligands removed, the MOF transforms into a 2-fold interpenetrated structure. 
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The addition of DMF allows for the MOF to revert back to its original structure making 
this process reversible. This change in structure is shown in Figure 1.17. 
 
Figure 1.17: Cartoon representation of Kim’s MOF showing the structural change upon 
the removal of DMF solvent molecules (pink).43 
 Coordination polymers (CP) can have a 1, 2 or 3D structural topology depending 
on the metal ions, ligands and conditions used during synthesis. For a 1D polymer to be 
interpenetrated, the connecting ligands need to have rings present for the second net to 
pass through. This can be achieved in two ways. The first is that each individual ligand 
can possess a ring that a second net can fit within. The other is that in the self-assembled 
structure itself, ring or ladder structures can result as the ligands coordinate to the metal 
ions resulting in void spaces.39 An example of 1D interpenetration is shown in Figure 
1.18. It involves the formation of a 1D polymer chain which has a large enough cavity for 
a second chain to pass though in the same direction resulting in a 1D interpenetrated 
coordination polymer.44 This can be expressed as 1D + 1D  1D since two 1D polymers 
interpenetrate to form a different 1D polymer.  
- DMF
+ DMF
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Figure 1.18: Curtis’ 1D + 1D  1D coordination polymer.44 (Figure reprinted with 
permission) 
 When it comes to 2D coordination polymers both parallel and inclined 
interpenetration is possible.39 For parallel interpenetration to occur, there needs to be 
either a long flexible ligand or one with a bend present so that there is a wave like motion 
to the CP. The two sheets can then pass through each other an infinite amount. In the case 
of inclined, two sheets pass though each other at an angle and any sheet can have an 
infinite amount of different sheets passing though them. There are some cases where 
there are more than one sheet passing though the same cavity, such as when the cavity is 
large enough to accommodate multiple sheets.   
 When considering 3D interpenetrating networks many more complex structures 
are possible. They are classified in terms of their resulting topologies. For example, 
interpenetration occurs in the structure of Zn(CN)2 with zinc as a node and the cyanide 
ligands as the connectors.45 Two equivalent diamondoid nets interpenetrate one another 
as seen in Figure 1.19 with the nodes of the first net resting in the center of the second 
net.34 As with most cases of interpenetration, the two MOFs can only be separated from 
  24 
 
one another by breaking the metal-ligand interactions. The term z-fold interpenetration is 
used to describe how many different nets are participating in the interpenetration with z 
being the number of nets present. In the case of the Zn(CN)2, there is a 2-fold 
interpenetration since there are two nets locked together.  
 
Figure 1.19: 2-Fold interpenetration of Zn(CN)2.45 
  MOFs have many potential applications including hydrogen storage, selective 
molecular sorption, separation, molecular recognition, ion exchange and catalysis. The 
physical properties of the ligands are important for MOFs when it comes to their 
applications. If hydrophobic ligands are present then water can be repelled and non-polar 
guest molecules can bind to the surface of the MOF.35 In the case of interpenetrated 
MOFs the networks are in close proximity to one another with can affect the electronic 
interactions within the MOF. Very hard materials can be formed with interpenetrated 
MOFs if the molecules are closely packed together.46  
1.4 Metal Organic Rotaxane Frameworks (MORFs) 
 It is possible to form a MOF with interlocked components by using 
pseudorotaxanes as linkers; these are known as metal-organic rotaxane frameworks 
(MORFs). Rotaxanes were first introduced as ligands in 1981 when Ogino created a 
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cyclodextrin rotaxane with cobalt complexes as stopper groups.47 It is possible to form 1, 
2 and 3D MORFs as seen in Figure 1.20 by changing the conditions for the formation. As 
a set of examples from the Loeb group, Davidson and Hoffart first formed a 
pseudorotaxane and then different periodic frameworks by changing the metal ions, 
solvent and metal to ligand ratio. 1D MORFs were synthesized in CH3CN with a 1:1 
ligand to metal ratio for CoII, ZnII and CdII.48 To synthesis 2D MORFs, the ligand to 
metal ratio was increased to 2:1 for CoII, CdII, CuII and NiII and the reaction repeated in 
the non-coordinating solvent CH3NO2.48 In order to form MORFs with a 3D structure, a 
3:1 ligand to metal ratio was used with larger lanthanides SmIII, GdIII, EuIII and TbIII.49  
 
Figure 1.20: (a) 1D, (b) 2D and (c) 3D metal organic rotaxane frameworks.48,49 
 It is of interest to use the structure of the crown ether to fine tune the internal 
properties of the MORF such as creating hydrophobic or hydrophilic pores within the 
structure. This allows for a great deal of flexibility in the system because the crown ether 
can be synthesized with a large variety of different substituents. For example, when a 
a) 
c) b) 
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pseudorotaxane was formed with a 1,2-bis(pyridinium)ethane axle and a DB24C8 wheel 
and coordinated to a CdII metal center, a 2D MORF is formed as shown in Figure 1.21 
(a).50 By adding four PhOCH2R substituents to the crown ether, a different MORF results 
where the skeletal framework is identical to the original MORF, but half of the axles are 
missing a crown ether and the crown ethers adapt a C-conformation rather than the usual 
S-shape.  
 
Figure 1.21: Crystal structures of (a) [Cd(H2O)(BF4)([1,2-Bis(4,4'-dipyridyl) 
ethane[BF4]2] ⊂ DB24C8)2]n and (b) [Cd(H2O)2([1,2-Bis(4,4'-dipyridyl)ethane[BF4]2]⊂ 
(PhOCH2)4DB24C8)(1,2-Bis(4,4'-dipyridyl)ethane[BF4]2])]n.50 (Figure reprinted with 
permission) 
 A pseudorotaxane can be disadvantageous in MORF formation since the axle and 
wheel are in equilibrium and the resulting MORF can be a mixture of linkers with and 
without the macrocycle. To avoid this problem, it is possible to start with a preformed 
rotaxane containing donors on the stoppers or donors on the wheel. The first example of 
this concept reported in the literature was a MORF synthesized by Mercer which used 
nitrogen donors on the wheel to link CdII metal centers.51 In this case, each nitrogen 
donor on the crown ether is coordinated to a different metal ion forming a 2D MORF 
with the axles residing within the crown ethers and not participating in metal 
a) b) 
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coordination or polymer propagation. The crystal structure of this MORF is shown in 
Figure 1.22. By reversing the coordination roles of the crown and the axle, the diversity 
of frameworks possible is greatly increased.  
 
Figure 1.22: Crystal structure of a MORF with the crown ether participating in metal 
coordination. (a) Single rotaxane and (b) packing diagram of the 2D MORF.51 
 In 2014, Vukotic synthesized the first MORF (UWDM-1, University of Windsor 
Dynamic Material) which had dynamic components.52 In UWDM-1, a 24-crown-6 ether 
wheel is locked in place at room temperature due to hydrogen bonding between an 
oxygen atom of the crown and an aniline NH group on the axle. Upon heating the 
material, free rotation of the crown ether within the solid occurs. The process was 
monitored by 2H SSNMR since this technique is very sensitive to motion at the molecular 
level.  
1.5 Scope of Thesis 
 The primary focus of this thesis is the incorporation of crown thioether ligands 
into the construction of rotaxane linkers and the study of the resulting coordination 
compounds and polymers (MORFs). Chapter 2 begins by exploring the fundamental 
a) 
b) 
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coordinating modes using model ligands and primarily crystallographic data. In chapter 
3, rotaxanes with the thioether crown ether moiety are synthesized and characterized, 
followed by a study on the coordination of these new ligands with AgI.  
 Chapter 4 then looks at unsymmetrical pseudorotaxanes with donor atoms on only 
half of the ligand. Through metal coordination, the [2]pseudorotaxane can potentially be 
converted to a [1]rotaxane if the sulphur atoms coordinate through the metal center and 
join the crown ether and axle together. In chapter 5, a [3]rotaxane with a thioether crown 
ether is synthesized and characterized. The potential of these new [3]rotaxanes to change 
the positioning of the crown ether upon the addition of acid or base is explored. The same 
process is also studied in the presence of various coordinating transition metal ions.  
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Chapter 2: New Thioether-Crown Ether Ligands 
2.1 Thioether Ligands 
 The most common thioether ligands are cyclic such as 1,4,7-trithiacyclophane, 
9S3 which contains three sulphur donor atoms in a 9-membered macrocyclic ring. This 
ligand almost always acts as a fac-capping tridentate ligand as seen in Figure 2.1 for the 
octahedral metal complex [Re(9S3)(CO)3]+.1  
Re
S
CO
OC CO
SS
 
Figure 2.1: Example of a ReI complex of a cyclic thioether ligand.1  
 A tetradentate thioether macrocycle coordinates to PtII to give the square planar 
complex [Pt(L)]2+ as shown in Fig. 2.2 (left).2 Webster and co-workers studied the 
coordination of a simple dithioether ligand with a xylene backbone and methyl 
substituents with various transition metals.3 When coordinated to PdII, two chelating 
thioether ligand coordinate forming a square planar geometry as shown in Figure 2.2 
(right).  
S
S
S
S
Pt
S
S
Pd
S
S
 
Figure 2.2: Examples of a PtII and PdII complex with thioether ligands.2,3  
 Ruthenium(II) complexes are usually six-coordinate with an octahedral geometry. 
Connick synthesized a RuII complex with a simple bidentate thioether ligand (Figure 2.3 
left).4 Webster showed that bidentate thioether ligands could be arranged in a square 
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plane of an octahedral RuII complex with two chloride ligands occupying the apical sites 
trans to one another as seen in Figure 2.3 (right).3  
Ru
N
N
N
N
S
S
S
S
Ru
S
S
Cl
Cl
 
Figure 2.3: Examples of RuII complexes with thioether ligands.3,4  
 The coordination geometry for silver(I) complexes can be unpredictable since AgI 
has low stereochemical demands and the geometry is often dictated more by the 
conformational preferences of the ligand than the metal ion.5 This was demonstrated by 
Loeb for a series of bis-ligand complexes using the tridentate macrocyclic ligand 2,5,8-
trithia[9]-o-benzenophane ligand and various non-coordinating anions.5 When the ClO4- 
anion was used, the two thioether ligands formed an octahedral complex as shown in 
Figure 2.4 (left). When the CF3SO3- anion was present, a distorted tetrahedral geometry 
resulted with all three donors of one thioether ligand coordinated to AgI and only one 
sulphur atom of a second thioether ligand completing the coordination sphere; see Figure 
2.4 (center). In the presence of BPh4- anions, a distorted tetrahedral geometry occurs as 
two sulphur atoms from two thioether ligands coordinate to the AgI metal ion (Figure 2.4 
right). The combination of thioether ligands and AgI metal ions allow for a large variety 
of complexes to be formed such as monomeric units,5,6 cyclic structures,7,8 or linear 
polymeric chains.8 
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Figure 2.4: Examples of AgI complexes with crown thioether ligands.5  
 We are interested in incorporating thioether ligands into rotaxanes and utilizing 
these mechanically interlocked molecules (MIMs) as ligands for complex and 
coordination polymer formation. Figure 2.5 shows a blue axle within the cavity of a red 
macrocyclic wheel with sulphur donor appendages. In a preliminary investigation we 
chose to first study the coordination ability of simpler model compounds containing the 
xylene substituted backbone with two sulphur donor atoms as shown in the boxed region 
in Figure 2.5. A range of metal ions and complex geometries was studied using both inert 
and labile metals in both solution and the solid state. This was followed by a parallel 
study of new thioether-crown ether ligands (red in Figure 2.5) and employing the same 
metal centers.  
N
O
O O
O
O
OO
O
S
S
S
S
R1
R1
R1
R1
N
R2
R2
M
 
Figure 2.5: Target rotaxane ligand system depicting the new thioether-crown ether 
ligands (R1 = nBu, Ph) and highlighting (box) the model ligands studied in this chapter.  
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2.2 Synthesis of Model Thioether Ligands and Their Complexes 
 The simple thioether ligands used in this study were synthesized by refluxing 
dibromo-o-xylene in dry methanol in the presence of sodium metal and the desired thiol 
as seen in Scheme 2.1. The two thiols chosen for study were thiophenol for crystallization 
purposes and butanethiol for solubility. These thioether ligands were fully characterized 
by 1H NMR spectroscopy, 13C NMR spectroscopy, melting point, elemental analysis and 
IR spectroscopy. Elemental analysis revealed that these compounds were not fully pure 
and most likely contained a small amount of solvent. 
Br
Br
RSH
Na metal
CH3OH, N2
reflux, overnight
S
S
R = Ph, nBu
[2-1]  R = Ph (75%)
[2-2]  R = nBu (98%)
R
R
 
Scheme 2.1: Synthetic route for model thioether ligands. 
 To explore the fundamental coordination chemistry of these new thioether 
ligands, complexes of four different metals were chosen for reaction: 
[ReBr(CO)3(CH3CN)2], [PtCl2(EtCN)2], [RuCl2(DMSO)4], and [AgOTf]. The starting 
materials were synthesized following literature procedures for ReI, RuII, and PtII (see 
Section 2.5).9-12 AgOTf was purchased from Aldrich and used as received. These metal 
centers were chosen so that a variety of coordination modes could be studied and 
evaluated for use in further studies. [ReBr(CO)3(CH3CN)2] and [RuCl2(DMSO)4] are 
both octahedral complexes while [PtCl2(EtCN)2 is a square planar metal complex. 
[AgOTf] is the most flexible of the metal complexes studied since it is a very labile metal 
ion that has no strong preference to the final geometry. All of these complexes contain 
easily displaced solvent molecules and have the potential for anion exchange. The rates 
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of ligand exchange with water is slowest for the Pt2+ and fastest for the Ag+ which allow 
for a comparison of the metal centers based on rates of ligand exchange  (Pt2+ < Ru2+ < 
Re+ < Ag+).13  
 For coordination to ReI, the ligand 2-2 (R = nBu) and metal complex 2-5 were 
dissolved in degassed CHCl3 and stirred at room temperature overnight to yield 2-8 in 
84% yield. Ligand 2-1 (R = Ph) required harsher conditions since stirring at room 
temperature was not enough to drive the reaction to completion. Instead, 2-1 and 2-5 
were dissolved in degassed CHCl3 and refluxed for 2 days under N2 to yield 2-7 in 88% 
yield; see Scheme 2.2. These ReI complexes were characterized by 1H NMR 
spectroscopy, 13C NMR spectroscopy, melting point, elemental analysis and IR 
spectroscopy. A significant increase in the melting point compared to the free ligand was 
observed. Elemental analysis revealed that 2-8 was pure but 2-7 was not. The data 
collected matches the indicated complex with two water molecules present. 
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NCCH3
Re BrC
C C
O
O O
CHCl3, N2
overnight, rt
Re BrC
C C
O
O O
S
S
H3CCN
NCCH3
Re BrC
C C
O
O O
CHCl3, N2
2d, reflux
S
S
[2-7]  R = Ph (50%)
[2-8]  R = nBu (84%)
[2-2]
[2-5]
[2-5]
[2-1]
 
Scheme 2.2: Reaction schemes for ligand coordination to ReI. 
 For the coordination of PtII, the desired ligand and [PtCl2(EtCN)2] were refluxed 
in dry and degassed CH3CN overnight under N2 to yield 2-9 in 49% yield and 2-10 in 
94% yield; see Scheme 2.4. These PtII complexes were characterized by 1H NMR 
spectroscopy, melting point, elemental analysis and IR spectroscopy. A significant 
increase in the melting point compared to the free ligand was observed and elemental 
analysis indicates pure complexes.  
R S
S
R
Pt
Cl Cl
S
S
R
N
N
Pt
Cl Cl
CH3CN, N2
overnight, reflux
R
[2-9]  R = Ph (49%)
R = Ph, nBu
[2-10]  R = nBu (94%)
[2-2]
[2-1]
 
Scheme 2.3: Reaction scheme for ligand coordination to PtII. 
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 The RuII complex was synthesized by refluxing ligand 2-2 and 
cis-[RuCl2(DMSO)4] in dry CH3OH overnight under N2 to yield 2-12 in 81% yield. 
Complex 2-12 was characterized by 1H NMR spectroscopy, melting point and IR 
spectroscopy. For the reaction of ligand 2-1 and cis-[RuCl2(DMSO)4], no product was 
observed in the 1H NMR spectrum and no further attempt to synthesize or characterize 
this complex was made.  
Ru
Cl
DMSO DMSO
Cl
DMSODMSO
S
S
R
CH3OH, N2
overnight, reflux
R
[2-11]  R = Ph (NR)
R = Ph, nBu
[2-12]  R = nBu (81%)
R S
S
R
RS
S
R
Ru ClCl
[2-2]
[2-1]
[2-6]
 
Scheme 2.4: Reaction scheme for ligand coordination to RuII. 
 For the formation of the AgI complexes, each of the ligands and AgOTf were 
dissolved in CH3CN and stirred for one minute. Due to the liability of silver, only 1H 
NMR data was collected.  
AgOTf S
S
R 1 min., rt
R
[2-13]  R = Ph (100%)
R = Ph, nBu
[2-14]  R = nBu (100%)
CH3CN
Ag
R
S
S
R
R S
S
R
OTf
[2-2]
[2-1]
 
Scheme 2.5: Reaction scheme for ligand coordination to AgI. 
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 2.3 1H NMR Analysis of Model Thioether Ligands and Their Complexes 
 For all of the complexes studied, changes in 1H NMR spectra were used to 
monitor their formation; see Figure 2.6 for the thiophenyl ligand 2-1 and Figure 2.7 for 
the nbutylthiol ligand 2-2. For the coordination of ligand 2-1 to the ReI and PtII metal 
centers, there is a change in the chemical shifts of the aromatic protons. For the free 
ligand, protons d are located at 7.26 ppm and shift downfield upon coordination to 7.67 
(ReI) and 7.91 (PtII) ppm. The benzylic protons c experience a more significant change 
from 4.30 ppm to 4.00 and 6.02 ppm for the ReI complex and 4.45 ppm for the PtII 
complex. For the ReI complex, the axial and equatorial protons are magnetically 
inequivalent and couple to each other whereas before only an average of the two were 
observed in the 1H NMR spectrum. This is due to the rate of inversion at the sulphur atom 
which is slow on the NMR timescale. In the case of the PtII complex, a single broad peak 
was observed for protons c. Since this was the case, a variable temperature 1H NMR 
experiment was undertaken. At higher temperatures, the peaks became sharper and at 
lower temperatures the peak corresponding to protons c was no longer just an average 
and two distinct peaks were observed.  
 For the AgI complex, there was a slight change in the aromatic protons such that 
they spread out slightly. There was also a small shift downfield from the free ligand for 
protons c from 4.29 to 4.32 ppm. In the case of the RuII complex, the 1H NMR spectrum 
shows no change at all leading to the conclusion that no coordination to the metal center 
occurred even under forcing reaction conditions. This was further supported by elemental 
analysis.  
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Figure 2.6: (a) 1H NMR spectra in CD3CN of ligand 2-1 and resulting complex with AgI 
and (b) 1H NMR spectra in CDCl3 of ligand 2-1 and resulting complexes with ReI, PtII 
and RuII (500 MHz, 300 K). 
 In the case of the model complexes with ligand 2-2, a less noticeable change is 
observed in the aromatic region since the only aromatic protons present are not in close 
proximity to the coordination sites. In general, there is a slight change in the chemical 
shift and in the coupling between the aromatic protons. A more characteristic change is 
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observed in the alkyl chains present in the compounds. For the free ligand, the benzylic 
protons c appear at 3.88 ppm and shift downfield when coordinated to 5.00 and 3.43 ppm 
for ReI, 4.19 ppm for PtII and 4.20 ppm for RuII. In the AgI complex, the same protons 
experience a change in chemical shift from 3.87 to 3.93 ppm. The protons of the butyl 
also experience a similar effect. All of the protons shift downfield with the ones closer to 
the sulphur experiencing a larger chemical change. Protons d are located closest to the 
sulphur atom and shift from 2.47 ppm for the free ligand to 3.07 and 2.89 ppm (ReI), 3.26 
and 3.05 ppm (PtII) and 2.64 ppm (RuII). These protons shift from 2.48 to 2.57 ppm for 
the AgI complex. For the ReI complex two peaks are observed for the same reasons stated 
previously. In the PtII complex two broad peaks are observed indicating that the rate of 
inversion is slow on the NMR timescale. At lower temperatures, the broad peak for 
protons c split into two doublets as the two protons appear at different chemical shifts and 
protons d become more resolved and three peaks are observed.  
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Figure 2.7: (a) 1H NMR spectra in CD3CN of ligand 2-2 and resulting complex with AgI 
and (b) 1H NMR spectra in CDCl3 of ligand 2-2 and resulting complexes with ReI, PtII 
and RuII (500 MHz, 300 K). 
2.4 X-Ray Crystallography of Thioether Ligands and Their Complexes 
All parameters and crystallographic data for the crystal structures presented within this 
chapter can be found in Appendix A. 
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 Crystals of the free ligand 2-1 [o-C6H4(CH2SPh)2] were grown by slowly 
evaporating a CH3CN solution of the compound to yield colorless plates. The crystal 
structure of this free ligand reveals the molecule crystallizes in the orthorhombic space 
group P212121 (Figure 2.8(a)) with formula [C20H18S2]. The packing diagram for 2-1 can 
be seen in Figure 2.8(b). The distance between sulphur atoms of the molecule is 
4.7113(5) Å. Both of the phenyl substituents are involved in π-π stacking interactions 
between the phenyl rings of molecules in the adjacent layer, as seen in Figure 2.8(c).  
 
 
Figure 2.8: (a) Asymmetric unit of 2-1. Colour key: yellow = sulphur; black = carbon; 
white = hydrogen , (b) Packing diagram of the crystal structure of 2-1 down the a axis 
and (c) space filling diagram showing the adjacent layers (blue and purple). 
a) 
c) 
b) 
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 In the case of the ReI complex, slow evaporation of diethyl ether yielded 
colourless hexagonal plates. [ReBr(CO)3(2-2)] crystallizes in the monoclinic space group 
P21/c and contains 2 molecules in the asymmetric unit (Figure 2.9(a)). The most 
noticeable difference between these two molecules is the nBu chains. In one of the 
molecules, the nBu chains both form a bent shape while the other molecule has one chain 
bent while the other is more linear. The distance between the two ReI atoms is 15.614(1) 
Å. The S1-S2 distance (on Re1) is 3.7852(4) Å and 3.7425(4) Å between S3-S4 (on Re2) 
and the ligand bite angles are 97.920(7)o and 96.242(7)o respectively. The packing 
diagram shows that two units group together with the carbonyl ligands facing each other. 
These then line up in rows within the layers and each layer stacks directly above the other 
as seen in Figure 2.9(b).  
 
a) 
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Figure 2.9: (a) Asymmetric unit of the single crystal X-ray structure of 2-8 down the b 
axis. Colour key: teal = rhenium; yellow = sulphur; dark yellow = bromide; red = 
oxygen; black = carbon; white = hydrogen and (b) packing diagram showing one layer 
along the b axis with each layer stacking directly above one another. Hydrogen atoms 
have been omitted for clarity. 
 The slow evaporation of a dichloromethane solution of the complex yielded 
yellow needle-like crystals of [PtCl2(2-1)]. The PtII complex crystallizes in the 
monoclinic space group C2/c with one molecule in the asymmetric unit (Figure 2.10(a)). 
The Pt-S distances are 2.279(1) Å and 2.270(1) Å while the chelate bite angle is 
105.42(4) ° with a S-S distance of 3.6190(4) Å. The phenyl substituents on the sulphur 
atoms are tilted with respect to the central phenyl backbone. These phenyl rings then 
stack with those of an adjacent molecule as seen in Figure 2.10(b). The packing diagram 
shows how the molecules pair up, stack and repeat to form rows.  
b) 
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Figure 2.10: (a) Asymmetric unit of the single crystal structure of 2-9. Colour key: teal = 
platinum; yellow = sulphur; green = chloride; black = carbon; white = hydrogen, (b) two 
units showing how the phenyl rings stack with one another and (c) packing diagram down 
the b axis. Hydrogen atoms have been omitted for clarity. 
 Compound 2-12 was dissolved in hot dichloromethane and cooled. The solvent 
was slowly evaporated to yield orange needle-like crystals. The resulting structure 
contains two ligands and two chloride ligands coordinated to the RuII metal center. The 
crystal system is monoclinic with the molecule crystallizing in the space group P21/n with 
the formula [RuCl2(2-2)2]. The asymmetric unit contains only half of the molecule; the 
RuII atom is located on a crystallographic centre of symmetry. The Ru-S1 and Ru-S2 
distances are 2.358(1) and 2.361(1) Å and the Ru-Cl distance is 2.4296(9) Å. The four 
c) 
b) a) 
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sulphur atoms coordinate in one plane while the chloride atoms are trans to each other as 
shown in Figure 2.11(a). The packing diagram (Figure 2.11(b)) shows how each of the 
molecules line up to form a row with the adjacent row off set so that there is close 
packing.  
  
 
Figure 2.11: (a) Full molecule of 2-12 with a metal:ligand ratio of 1:2. Colour key: teal = 
ruthenium; yellow = sulphur; green = chloride; black = carbon; white = hydrogen and (b) 
packing diagram along the b axis. Hydrogen atoms have been omitted for clarity. 
a) 
b) 
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2.5 Synthesis of Thioether-Crown Ether Ligand and Their Complexes 
 In order to prepare the new thioether appended crown ether ligands depicted in 
Figure 2.5 it was necessary to first prepare the tetrabromomethyl derivative of 
dibenzo[24]crown-8 (DB24C8) as described in the literature.14 This was achieved by 
dissolving DB24C8 and paraformaldehyde in a 33% HBr in acetic acid solution. The 
reaction was stirred only long enough for the solids to dissolve. After that time, the 
reaction was left undisturbed for three days resulting in the precipitation of compound 2-
15 in 93% yield. The thioether crown ether ligands were synthesized in a similar manner 
to the thioether ligands in Section 2.2. Compound 2-15 was refluxed in dry methanol with 
sodium metal and four equivalents of the desired thiol. The full synthesis of the thioether 
crown ethers 2-16 and 2-17 is summarized in Scheme 2.6. The thioether crown ethers 
were fully characterized by 1H NMR spectroscopy, 13C NMR spectroscopy, exact mass, 
melting point and IR spectroscopy. 
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Scheme 2.6: Synthetic route for thioether crown ether ligands. 
 For the metal coordination studies on the thioether crown ether ligands, the same 
four metals (ReI, RuII, PtII and AgI) used in the study of thioether ligands 2-1 and 2-2 
were used. To synthesize the ReI complex, compound 2-16 (Ph) and 
[ReBr(CO)3(CN3CN)2] were refluxed in degassed nitromethane under N2 for three days 
resulting in compound 2-18 in low yield. Due to the low yield, only a 1H NMR spectrum 
was obtained. To synthesize the other ReI complex, ligand 2-17 (nBu) and 
[ReBr(CO)3(CH3CN)2] were stirred in dry CHCl3 at room temperature overnight under 
N2 to give 2-19. Complex 2-19 was fully characterized by 1H NMR spectroscopy, 13C 
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NMR spectroscopy, melting point, elemental analysis and IR spectroscopy. A slight 
decrease in the melting point compared to the free ligand was observed and elemental 
analysis indicates a pure complex. These reactions can be seen in Scheme 2.7.  
H3CCN
NCCH3
Re BrC
C C
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O
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O
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[2-17]
[2-16]
[2-5]
 
Scheme 2.7: Reaction schemes for ligand coordination to ReI. 
 For both ligands studied, the thioether and [PtCl2(EtCN)2] were dissolved in dry 
CH3CN and refluxed overnight under N2 resulting in precipitation of the product from the 
reaction solution (Scheme 2.8). For complex 2-20, a limited solubility prevented 
characterization by NMR spectroscopy but a large increase in the melting point compared 
to the free ligand and elemental analysis data collected leads us to believe the desired 
complex was formed. Complex 2-21 was characterized by 1H NMR spectroscopy, 
melting point, elemental analysis and IR spectroscopy. A large increase in the melting 
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point compared to the free ligand was observed and elemental analysis indicates a pure 
complex. 
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Scheme 2.8: Reaction scheme for ligand coordination to PtII. 
 The RuII complex was synthesized by refluxing 2-17 and [RuCl2(DMSO)4] in a 
mixture of dry CH3OH and CH2Cl2 overnight under N2 to yield impure compound 2-23. 
The 1H NMR spectra appears to contain a mixture of products, most likely different ratios 
of ligand and metal. In the case of the phenyl ligand, no product was observed in the 1H 
NMR spectrum. No further attempts to synthesize or purify these complexes were made.  
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Scheme 2.9: Reaction scheme for ligand coordination to RuII. 
 To form the AgI complexes, the ligand and AgOTf were dissolved in CH3CN and 
stirred for one minute to yield compounds 2-24 and 2-25. Due to the liability of silver, 
only 1H NMR data was collected. 
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Scheme 2.10: Reaction scheme for ligand coordination to AgI. 
2.6 1H NMR Analysis of Thioether-Crown Ether Ligand Complexes 
 For the metal complexes with ligand 2-16 (Ph), the 1H NMR spectrum are seen in 
Figure 2.12. There is a slight shift downfield for the aromatic protons d from 6.74 ppm 
for the free ligand to 6.79 ppm for the ReI complex and a shift upfield to 6.59 ppm for the 
AgI complex. In the case of the alkyl protons e, there is a shift downfield from 4.17 to 
4.21 ppm for the AgI complex and to 4.20 and 4.67 ppm for the ReI complex as a splitting 
pattern is observed as the axial and equatorial (Ha and Hb) protons are now no longer 
chemically equivalent to each other. These changes are very similar to those observed for 
the model complexes 2-1 and 2-2 and it is therefore assumed, in the absence of single 
crystal X-ray diffraction data, that they have the same octahedral geometry at the ReI 
metal center.  
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 The 1H NMR spectrum for the PtII complex could only be obtained in DMSO-d6 
but looked identical to the spectrum for the free ligand. This is not entirely unexpected 
since the coordination ability of DMSO is enough to compete with the Pt-S interactions. 
The presence of the free ligand and lack of EtCN, in the DMSO spectra leads us to 
believe that the desired compound was formed initially. This is further supported by the 
increase in melting point as well as the elemental analysis data collected. Since this 
compound has very limited solubility, it was not used for further studies.  
 
Figure 2.12: 1H NMR spectra in CD3CN of ligand 2-16 and resulting complexes with ReI 
and AgI (500 MHz, 300 K). 
 For the metal complexes with ligand 2-17 (nBu), the 1H NMR spectra are shown 
in Figure 2.13. Aromatic protons d shift from 6.79 ppm for the free ligand downfield to 
6.67 ppm for the ReI complex and upfield to 6.94 ppm for the PtII complex. These 
protons in the AgI complex shift downfield from 6.88 to 6.82 ppm. Benzylic protons e 
shift from 3.78 to 4.92 and 3.68 ppm (ReI) and 3.80 ppm (PtII) and from 3.79 to 3.91 ppm 
(AgI). Like the model compound 2-2, protons e in the ReI complex split since the protons 
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can no longer switch between the axial and equatorial positions. The same occurs for 
protons f directly adjacent to the sulphur, which is now coordinated to a metal center. All 
of the alkyl chain protons shift downfield with those closer to the sulphur experiencing a 
larger chemical shift downfield and the protons further shifting the smallest amount. 
Protons f shift the greatest from 2.46 ppm to 3.09 and 2.91 ppm (ReI) and 3.16 ppm (PtII) 
and from 2.48 ppm to 2.82 ppm (AgI).  
 
 
Figure 2.13: (a) 1H NMR spectra in CD3CN of ligand 2-17 and resulting complex with 
AgI and (b) 1H NMR spectra in CDCl3 of ligand 2-17 and resulting complexes with ReI 
and PtII (500 MHz, 300 K). 
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2.7 X-Ray Crystallography of Thioether-Crown Ether Ligand Complexes 
 Of all the metal complexes formed with the thioether crown ethers, only the AgI 
complex with the ligand 2-16 (Ph) resulted in crystalline material suitable for X-ray 
diffraction. The ligand and 3 eq. of AgOTf were dissolved in CH3CN and the solvent was 
slowly evaporated to yield yellow needle shaped crystals. The molecule crystallizes in the 
monoclinic space group P21/c. A representation of the structure with formulation 
[Ag(2-16)[OTf]]n is shown in Figure 2.14. The crown ether coordinates to the silver 
center by chelating through the two sulphur atoms; bite angle at Ag = 109.224(8) °, S-S 
distance = 4.1743(4) Å. The cavity of the crown ether is empty and slightly distorted as 
the central ethylene chains fold in to partially fill the void space. The ligands form a 
tetrahedral geometry around the silver center in which two different thioether crown ether 
ligands coordinate to the metal resulting in a 1D polymer chain with a Ag-Ag distance of 
19.712(2) Å along the chain and 11.540(1) Å between the chains. The resulting 1D 
polymer takes on a zig-zag pattern with a Ag-Ag-Ag of 114.075(1) °.  
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Figure 2.14: (a) Chemical structure of ligand 2-16 coordinated to AgI, (b) coordination 
around the metal center, (c) asymmetric unit of [Ag(2-16)[OTf]]n. Colour key: purple = 
silver; yellow = sulphur; red = oxygen; green = fluoride; black = carbon; white = 
hydrogen and (d) space filling packing diagram showing three 1D strands with solvent 
and anions omitted for clarity.  
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2.8 Summary and Conclusions 
 A series of metal complexes (ReI, PtII, RuII, AgI) with model thioether ligands 
were prepared and studied. Changes in the 1H NMR spectra were observed upon 
coordination, most notably to the methylene protons on the carbon atoms adjacent to the 
sulphur donors. In all of the metal complexes, these protons experience a downfield shift 
and in some cases, two doublets were observed as both the axial and equatorial protons 
are observed. For the ReI complexes this is observed at room temperature but for PtII, 
lower temperatures are required to resolve the two peaks.  
 Only some of the metal complexes resulted in crystalline material suitable for X-
ray diffraction. For the simple model ligands, the complex [ReBr(CO)3(2-2)] was 
octahedral and [PtCl2(2-1)] has a square planar geometry; an almost identical crystal 
structure is known in the literature.15 Xian-He synthesized this metal complex by stirring 
the ligand with K2PtCl4 in acetonitrile to yield orange crystals of cis-[1,2-
bis(phenylthiomethyl)benzene]-dichloroplatinum•0.5acetonitrile. The crystal structure 
was solved in the triclinic space group P-1. The asymmetric unit contains two PtII 
complexes and one acetonitrile molecule. The Pt-S distances of [PtCl2(2-1)] are 
comparable to those in this structure. [RuCl2(2-2)2] has an octahedral geometry with 
trans chloride ligands and two thioether ligands coordinated to the metal center. The AgI 
complexes did not result in any crystalline material. 
 For the thioether crown ether ligands (2-16 and 2-17) and the resulting 
complexes, the 1H NMR spectra showed changes as the ligand coordinated to the metal 
ions. Like the model thioether ligands (2-1 and 2-2), the methylene protons shift 
downfield. Only the (PhSCH2)4DB24C8 ligand (2-16) coordinated to AgI resulted in 
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crystalline material suitable for X-ray diffraction. The ligand forms a tetrahedral 
geometry around the AgI metal ion with each end of the ligand chelating to a different 
metal center. This results in a 1D polymer chain with a zig-zag pattern.  
 Changes in the 1H NMR spectra indicate that coordination of the thioether ligands 
to a metal center can observed as the protons in close proximity to the sulphur experience 
a change in chemical shift. Since the AgI metal complexes showed the most potential for 
coordination polymers with the thioether crown ethers, this is the metal that was chosen 
for the rotaxane studies described in the next chapter.  
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2.9 Experimental  
 
2.9.1 General Comments 
 All reagents and starting materials were purchased from Aldrich Chemicals or 
TCI America and used without further purification. Compounds 2-3,9 2-4,10 2-5,10 2-6,11 
and 2-1514 were prepared according to literature procedures. Deuterated solvents were 
obtained from Cambridge Isotope Laboratories and Aldrich and used as received. 
Solvents were dried using an Innovative Technologies Solvent Purification Systems. 
Column chromatography was performed using Teledyne Ultra-Pure Silica Gel on a 
Teledyne Isco CombiFlash-Rf instrument. 1H NMR spectra were recorded on a Bruker 
Avance 500 spectrometer operating at 500.13 MHz at 300 K. 13C NMR experiments were 
recorded on an Ultrashield Bruker Avance 300 spectrometer operating at 75.47 MHz at 
300 K. 1H, 1H-COSY 2D experiments were recorded on an Ultrashield Bruker Avance 
300 spectrometer operating at 300.13 MHz. High resolution mass spectrometry (HR-MS) 
experiments were performed on a Micromass LCT time-of-flight mass spectrometer. 
Elemental analysis was performed on a Perkin Elmer 2400 Series II CHNS/O Analyzer 
operating in CHN mode. The samples were combusted in tin capsules and weighed with a 
Perkin Elmer AD-6 Autobalance. All IR spectra were recorded on a Bruker Alpha-p FT-
IR Spectrometer from 400-4000 cm-1. 
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2.9.2 Synthesis of 2-1 
Na metal (0.174 g, 7.57 mmol) was added to anhydrous methanol (60 mL). Thiophenol 
(0.833 g, 7.57 mmol, 0.773 mL) was added and the reaction was stirred at room 
temperature for 3 hours. After this time, dibromo-o-xylene (1.00 g, 3.79 mmol) was 
added and the solution was refluxed overnight. The solvent was removed to give a 
yellow/brown solid (0.911 g, 75%). Mp 41 – 42 °C. Elemental Analysis: Calculated for 
[C20H18S2]: C, 74.49; H, 5.63. Found: C, 73.56; H, 5.74. IR data (cm-1): 3059, 3019, 
2928, 2855, 1583, 1480, 1453, 1438, 1088, 1001, 737, 689. 
S
S
a b
c
d
e
f
g h
 
Table 2.1: 1H NMR data for 2-1 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.30 s 4 - 
b 7.32 d 2 3Jbc = 7.0 
c 7.37 d 2 3Jcb = 7.0 
d - f 7.21 – 7.27 m 10 - 
 
Table 2.2: 1H NMR data for 2-1 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.29 s 4 - 
b 7.29 d 2 3Jbc = 7.5 
c 7.33 d 2 3Jcb = 7.5 
d - f 7.16 – 7.27 m 10 - 
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Table 2.3: 13C NMR data for 2-1 in CDCl3 at 75 MHz.   
Carbon δ (ppm) 
a 36.76 
b 130.35 
c 127.79 
d 129.00 
e 130.38 
f 126.70 
g 135.58 
h 136.30 
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2.9.3 Synthesis of 2-2 
Na metal (0.174 g, 7.57 mmol) was added to anhydrous methanol (50 mL). Butanethiol 
(0.682 g, 8.28 mmol, 0.810 mL) was added and the reaction was stirred at room 
temperature for 3 hours. After this time, dibromo-o-xylene (1.00 g, 3.79 mmol) was 
added and the solution was refluxed overnight. The solvent was removed. The product 
was then dissolved in CH2Cl2 and the solid NaBr was filtered off. The solvent was 
removed to give a yellow oil (1.051 g, 98%). Mp: oil at room temperature. Elemental 
Analysis: Calculated for [C16H26S2]: C, 68.02; H, 9.28. Found C, 67.57; H, 9.49. IR data 
(cm-1): 2956, 2927, 2871, 2859, 1486, 1464, 1453, 1421, 1378, 1275, 1224, 766, 747, 
711.  
h
S
S
a b
c
de
f
g
 
Table 2.4: 1H NMR data for 2-2 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.89 s 4 - 
b 7.18 m 2 - 
c 7.23 m 2 - 
d 2.48 t 4 3Jde = 7.4 
e 1.54 – 1.60 p 4 - 
f 1.35 – 1.44 6 4 - 
g 0.897 t 6 3Jgf = 7.3 
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Table 2.5: 1H NMR data for 2-2 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.87 s 4 - 
b 7.20 m 2 - 
c 7.27 m 2 - 
d 2.48 t 4 3Jde = 6.8 
e 1.55 p 4 - 
f 1.37 6 4 - 
g 0.887 t 6 3Jgf = 7.5 
 
Table 2.6: 13C NMR data for 2-2 in CDCl3 at 75 MHz.   
Carbon δ (ppm) 
a 31.86 
b 130.62 
c 127.22 
d 13.81 
e 22.13 
f 31.60 
g 33.70 
h 136.67 
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2.9.4 Synthesis of 2-3 (literature procedure)9 
Re2(CO)10 (1.000 g, 1.53 mmol) was added under N2 to a 50 mL Schlenk flask containing 
20 mL dry CH2Cl2. Bromine (0.269 g, 1.69 mmol, 0.0866 mL, 1.1 eq.) was added 
dropwise till the slightest yellow colour remained. The reaction was stirred at room 
temperature under N2 for an hour. The solvent was removed on the vacuum pump to give 
a white solid. The product was recrystallized by dissolving the product in warm acetone 
(10 mL) and adding 2 times the amount of methanol (20 mL). The solution was cooled to 
room temperature, and then put on ice and a white solid precipitated out. The solution 
was left in the freezer overnight to yield the desired product (1.055 g, 85%). IR data 
(cm-1): 2024, 1986, 1962.  
Re
CO
CO
BrOC
COOC
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2.9.5 Synthesis of 2-4 (literature procedure)10 
2-3 (0.862 g, 2.21 mmol) was put into a 250 mL round bottom and 100 mL of water was 
added. The reaction was refluxed for two nights. The solvent was removed resulting in a 
pale green solid (0.244 g, 30%; 44% starting material recovered).  
Re
CO
H2O
BrOC
H2OOC
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2.9.6 Synthesis of 2-5 (literature procedure)10 
2-4 (0.244 g, 0.627 mmol) was dissolved in hot acetonitrile and heated a couple times 
briefly with a heat gun. The solution turned a yellow-orange colour and was left to sit 
over the weekend. Solvent was removed to give an orange product (0.221 g, 81%). 1H 
NMR data (ppm): 2.40, 2.41. IR data (cm-1): 2983, 2926, 2323, 2294, 2033, 1932, 1884, 
1031, 912, 648, 632, 534, 491.  
Re
CO
CH3CN
BrOC
CH3CNOC
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2.9.7 Synthesis of 2-6 (literature procedure)11 
RuCl3 (1.00 g, 4.82 mmol) was dissolved in 8.5 mL DMSO and 270 μL H2O. The 
reaction was refluxed for 15 minutes. The solution was then cooled and filtered. The solid 
was washed with acetone and diethyl ether to give a green/yellow product (1.504 g, 
64%). IR data (cm-1): 3023, 3011, 2997, 2918, 1403, 1307, 1285, 1121, 1093, 1017, 984, 
973, 919, 711, 675.  
Ru
DMSO
DMSO
DMSOCl
DMSOCl
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2.9.8 Synthesis of 2-7 
Compounds 2-1 (32 mg, 0.099 mmol) and 2-5 (43 mg, 0.099 mmol) were dissolved in 
dry CHCl3 and refluxed under N2. A proton NMR spectrum was collected after 2 days 
and only 6% of the starting material remained. The solvent was removed and the 
resulting solid was dissolved in hot hexanes. The solution was left to cool. The resulting 
beige solid was filtered to yield the desired product (0.059 g, 88%). Mp 162 – 164 °C. 
Elemental Analysis: Calculated for [ReBrC23H18S2O3]: C, 41.07; H, 2.70. Found: C, 
37.34; H, 2.53. IR data (cm-1): 2921, 2851, 2035, 1939, 1910, 1441, 900, 744, 690, 636.  
Ph S
S
Ph
Re BrC
C C
O
O O
  
S
S
a b
c
d
e
f
g
h
 
Table 2.7: 1H NMR data for 2-7 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a (Ha) 6.02 d 2 2Jaa = 12.5 
a (Hb) 4.00 d 2 2Jaa = 12.5 
b 7.13 s 2 - 
c 6.94 s 2 - 
d 7.67 s 4 - 
e 7.44 s 4 - 
f 7.44 s 2 - 
 
  
  72 
 
Table 2.8: 13C NMR data for 2-7 in CDCl3 at 75 MHz.   
Carbon δ (ppm) 
a 40.15 
b 132.31 
c 129.04 
d 130.59 
e 132.31 
f 129.43 
g 132.76 
h 134.52 
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2.9.9 Synthesis of 2-8 
Compound 2-2 (0.069 g, 0.248 mmol) was placed in a 50 mL Schlenk flask and was 
evacuated and backfilled three times. The ligand was then dissolved in dry CHCl3 (5 
mL). In a separate Schlenk flask, ReI complex 2-5 (0.107 g, 0.248 mmol) was evacuated 
and backfilled three times and dissolved in dry CHCl3 (5 mL). The ReI complex was then 
added dropwise to the ligand and the reaction was stirred at room temperature overnight. 
The solvent was removed to give a beige solid (0.131 g, 84%). Mp 131 – 133 °C. 
Elemental Analysis: Calculated for [ReBrC19H26S2O3]: C, 36.07; H, 4.14. Found: C, 
36.14; H, 3.94. IR data (cm-1): 2963, 2931, 2872, 2856, 2028, 1928, 1903, 1497, 1464, 
1455, 1421, 1381, 767.  
S
S
Re BrC
C C
O
O O
  
S
S
a b
c
de
f
g
h  
Table 2.9: 1H NMR data for 2-8 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a (Ha) 5.00 d 2 2Jaa = 12.8 
a (Hb) 3.80 d 2 2Jaa = 12.8 
b 7.33 t 2 3Jbc = 4.4 
c 7.24 t 2 3Jcb = 4.3  
d 0.993 t 6 3Jde = 7.3 
e 1.48 – 1.55 m 4 - 
f 1.72 – 1.81 m 4 - 
g (Ha) 3.04 – 3.10 m 2 - 
g (Hb) 2.86 – 2.92 m 2 - 
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Table 2.10: 1H NMR data for 2-8 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a (Ha) 4.88 d 2 2Jaa = 13.0 
a (Hb) 4.08 d 2 2Jaa = 13.0  
b 7.40 s 2 - 
c 7.39 s 2 - 
d 0.993 t 6 3Jde = 7.5 
e 1.54 – 1.57 m 4 - 
f 1.82 – 1.87 m 4 - 
g (Ha) 3.06 d 2 2Jgg = 7.0 
g (Hb) 3.06 d 2 2Jgg = 7.0 
 
Table 2.11: 13C NMR data for 2-8 in CDCl3 at 75 MHz.   
Carbon δ (ppm) 
a 40.69 
b 132.49 
c 129.02 
d 13.75 
e 21.73 
f 30.35 
g 33.81 
h 134.31 
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2.9.10 Synthesis of 2-9 
2-1 (0.049 g, 0.152 mmol) and PtCl2(EtCN)2 (0.057 g, 0.152 mmol) were placed in a 
Schlenk flask and were evacuated and backfilled three times. The compounds were then 
dissolved in dry and degassed CH3CN (10 mL) and refluxed overnight under N2. The 
solution was filtered hot to remove insoluble solids. The filtrate was allowed to cool to 
room temperature and the resulting precipitate was filtered and washed with hexanes to 
yield a yellow solid (0.044 g, 49%). Mp decomposed at 215 – 217 °C. Elemental 
Analysis: Calculated for [PtCl2C20H18S2]: C, 40.82; H, 3.08. Found: C, 40.79; H, 2.91. IR 
data (cm-1): 3051, 2990, 1577, 1477, 1454, 1437, 1306, 1246, 1234, 1218, 1176, 1126, 
1040, 1000, 969, 913, 899, 785, 739, 682, 477.  
Ph S
S
Ph
Pt
Cl Cl
  
S
S
a b
c
d
e
f
 
Table 2.12: 1H NMR data for 2-9 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.45 s (br) 4 - 
b 7.18 m 2 - 
c 6.70 s 2 - 
d 7.92 d 4 3Jde = 8.0 
e 7.46 d of d 4 3J = 8.0, 7.0 
f 7.51 d 2 3Jfe = 7.0 
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2.9.11 Synthesis of 2-10 
2-2 (0.036 g, 0.127 mmol) and PtCl2(EtCN)2 (0.0479 g, 0.127 mmol) were placed in a 
Schlenk flask and were evacuated and backfilled three times. The compounds were then 
dissolved in dry and degassed CH3CN and refluxed overnight under N2. Solvent was 
removed to give a slightly impure product, which was cleaned by dissolved the solid in 
CHCl3 and precipitating out with diethyl ether to yield a yellow solid (0.066 g, 94%). Mp 
163 – 167 °C. Elemental Analysis: Calculated for [PtCl2C16H26S2]: C, 35.05; H, 4.78. 
Found: C, 34.89; H, 4.47. IR data (cm-1): 3045, 2958, 2926, 2854, 1665, 1497, 1453, 
1419, 1378, 1257, 1218, 1188, 1082, 769, 690.  
S
S
Pt
Cl Cl
  S
S
a b
c
de
f
g
 
Table 2.13: 1H NMR data for 2-10 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.21 s (br) 4 - 
b, c 7.24 – 7.41 d of q 4 - 
d 3.11 d (br) 4 - 
e 1.88 s (br) 4 - 
f 1.48 p 4 - 
g 0.991 t 6 3Jgf = 12.1 
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2.9.12 Synthesis of 2-11 
2-1 (0.105 g, 0.326 mmol, 2 eq.) and 2-6 (0.079 g, 0.163 mmol) were evacuated and 
backfilled three times. The compounds were then dissolved in dry CH3OH (25 mL). The 
reaction was refluxed overnight under N2. A 1H NMR experiment showed no product 
present so solvent was removed and the compounds dissolved in CHCl3 and refluxed. 
After some time another 1H NMR spectra was obtained and still no product was 
observed, only the free ligand.  
Ru ClCl
Ph S
S
Ph
S
S
Ph
Ph
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2.9.13 Synthesis of 2-12 
2-2 (0.065 g, 0.230 mmol) and 2-6 (0.111 g, 0.230 mmol, 1.5 eq.) were evacuated and 
backfilled three times. The compounds were then dissolved in dry CH3OH (25 mL). The 
reaction was refluxed overnight under N2. Solvent was removed to yield an orange solid 
(0.134 g, 81%). Mp 163 – 166 °C. IR data (cm-1): 2957, 2924, 2854, 1660, 1559, 1495, 
1456, 1416, 1307, 1292, 1094, 1017, 969, 918, 769, 717, 680.  
 
Ru ClCl
S
S
S
S
  S
S
a b
c
de
f
g
 
Table 2.14: 1H NMR data for 2-12 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.20 s (br) 4 - 
b, c 7.14 – 7.23 d of m 4 - 
d 0.952 t 6 3Jde = 7.5 
e 1.46 6 4 - 
f 1.74 p 4 - 
g 2.64 s (br) 4 - 
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2.9.14 Synthesis of 2-13 
2-1 (16 mg, 0.496 µmol) and AgOTf (25 mg, 0.992 µmol, 2 eq.) were dissolved in 
CD3CN and stirred for one minute to yield the desired product (23 mg, 100%).  
Ag
Ph
S
S
Ph
Ph S
S
Ph
OTf
  
S
S
a b
c
d
e
f
 
Table 2.15: 1H NMR data for 2-13 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 4.32 s 4 - 
b, c 7.18 – 7.24 m 4 - 
d 7.38 t 2 3Jde = 7.0 
e 7.33 d of d 4 3J = 7.0, 7.0 
f 7.27 d 4 3Jfe = 7.0 
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2.9.15 Synthesis of 2-14 
2-2 (15 mg, 0.531 µmol) and AgOTf (27 mg, 1.062 mmol, 2 eq.) were dissolved in 
CD3CN and stirred for one minute to yield the desired product (22 mg, 100%).  
Ag
Bu
S
S
Bu
Bu S
S
Bu
OTf
  S
S
a b
c
de
f
g
 
Table 2.16: 1H NMR data for 2-14 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.93 s 4 - 
b, c 7.25 – 7.30 m 4 - 
d 2.57 t 6 3Jde = 7.0 
e 1.56 p 4 - 
f 1.40 6 4 - 
g 0.937 t 4 3Jgf = 7.5 
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2.9.16 Synthesis of 2-15 (literature procedure)14 
DB24C8 (2.000 g, 4.46 mmol) and paraformaldehyde (1.338 g, 44.60 mmol, 10 eq.) were 
placed in a Schlenk flask and dissolved in 13 mL of 33 % wt. HBr in acetic acid. The 
reaction was stirred until the solids were dissolved. After this time, the reaction was left 
for 3 days at the back of the fumehood to just sit without stirring. After this time a white 
precipitate had formed and was collected via vacuum filtration and washed first with 
water then ethanol and finally diethyl ether. The solid was then recrystallized from hot 
CH3CN to yield the desired product (3.410 g, 93%). Mp 184 – 186 °C. IR data (cm-1): 
2935, 2902, 2878, 1604, 1524, 1357, 1276, 1268, 1261, 1239, 1202, 1194, 1147, 1130, 
1081, 1058, 1038, 1019, 991, 928, 872, 764, 750.  
O
O O
O
O
OO
O
Br
Br
Br
Br
a
b
c
d e
f g
 
Table 2.17: 1H NMR data for 2-15 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.80 s (br) 8 - 
b 3.90 s (br) 8 - 
c 4.15 s (br) 8 - 
d 6.82 s 4 - 
e 4.59  s 8 - 
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2.9.17 Synthesis of 2-16 
Na metal (0.120 g, 5.22 mmol) was added to anhydrous methanol (60 mL). Thiophenol 
(0.575 g, 5.22 mmol, 0.533 mL) was added and the reaction was stirred at room 
temperature for three hours. After this time, 2-15 (1.07 g, 1.30 mmol) was added and the 
reaction was refluxed overnight. The solvent was removed under vacuum. The product 
was extracted with dichloromethane and the solid NaBr was filtered off. The solvent was 
then removed on a rotary evaporator. The resulting solid residue was washed with 
anhydrous ethanol to give a clean white product (0.888 g, 73%). MP: 141 – 146 °C. HR-
MS (ESI): calculated for [2-16 + Na]+, [C52H56O8S4Na]+, m/z 959.2750; found m/z 
959.2773. IR data (cm-1): 2936, 2866, 1603, 1582, 1521, 1480, 1456, 1437, 1346, 1234, 
1219, 1204, 1138, 1095, 1051, 1024, 953, 898, 871, 737, 689.  
O
O O
O
O
OO
O
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d e
f
g
h
i j k
 
Table 2.18: 1H NMR data for 2-16 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.78 s 8 - 
b 3.85 s 8 - 
c 4.00 s 8 - 
d 6.64 s 4 - 
e 4.09 s 8 - 
f-h 7.18 – 7.29 m 20 - 
 
 
  83 
 
Table 2.19: 1H NMR data for 2-16 in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.61 s 8 - 
b 3.70 s 8 - 
c 3.95 s 8 - 
d 6.74 s 4 - 
e 4.17 s 8 - 
f, g 7.26 – 7.33 m 16 - 
h 7.20 – 7.23 m 4 - 
 
Table 2.20: 1H NMR data for 2-16 in CH3NO2 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.61 s 8 - 
b 3.71 s 8 - 
c 3.95 s 8 - 
d 6.81 s 4 - 
e 4.17 s 8 - 
f 7.36 d 8 3Jfg = 7.5 
g 7.31 d of d 8 3J = 7.5, 7.0 
h 7.23 t 4 3Jhg = 7.2 
 
Table 2.21: 1H NMR data for 2-16 in DMSO at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.59 s 8 - 
b 3.67 s 8 - 
c 3.93 s 8 - 
d 6.84 s 4 - 
e 4.23 s 8 - 
f, g 7.28 – 7.34 m 16 - 
h 7.20 t 4 3Jhg = 7.0 
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Table 2.22: 13C NMR data for 2-16 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 71.38 
b 69.89 
c 69.49 
d 116.03 
e 36.61 
f 128.31 
g 128.98 
h 126.77 
i 147.97 
j 130.72 
k 136.22 
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2.9.18 Synthesis of 2-17 
Na metal (0.116 g, 5.02 mmol) was added to anhydrous methanol (30 mL). Butanethiol 
(0.453 g, 5.02 mmol, 0.538 mL) was added and the reaction was stirred at room 
temperature for three hours. After this time, 2-15 (1.030 g, 1.26 mmol) was added and the 
reaction refluxed overnight. The solvent was removed on a rotary evaporator. The solid 
residue was extracted with dichloromethane and the solid NaBr was filtered off. The 
solvent was again removed on the rotary evaporator. The resulting solid was 
recrystallized from anhydrous ethanol to give a clean beige product (0.887 g, 82%). MP: 
91 – 94 °C. HR-MS (ESI): calculated for [2-17 + Na]+, [C44H72O8S4Na]+, m/z 879.4002; 
found m/z 879.4026. IR data (cm-1): 2953, 2929, 2898, 2873, 1605, 1523, 1483, 1456, 
1435, 1411, 1349, 1279, 1232, 1219, 1205, 1132, 1097, 1082, 1052, 1039, 1020, 993, 
957, 932, 869, 805, 755, 702, 586, 536, 485, 466.  
O
O O
O
O
OO
O
S
S S
S
a
b
c
d e f g h i
j k
 
Table 2.23: 1H NMR data for 2-17 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.82 s 8 - 
b 3.90 t 8 3Jbc = 4.2 
c 4.14 t 8 3Jcb = 4.2 
d 6.79 s 4 - 
e 3.78 s 8 - 
f 2.46 t 8 3Jfg = 2.8  
g 1.56 p 8 - 
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h 1.38 6 8 - 
i 0.90 t 12 3Jih = 7.2 
 
Table 2.24: 1H NMR data for 2-17 in CD3CN at 500 MHz.   
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.66 s 8 - 
b, e 3.79 s 16 - 
c 4.08 s 8 - 
d 6.85 s 8 - 
f 2.48 t 8 3Jfg = 7.3 
g 1.54 p 8 - 
h 1.37 6 8 - 
i 0.88 t 12 3Jih = 7.3 
 
Table 2.25: 13C NMR data for 2-17 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 71.40 
b 70.03 
c 69.68 
d 116.35 
e 33.52 
f 31.92 
g 31.69 
h 22.18 
i 13.85 
j 147.73 
k 129.47 
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2.9.19 Synthesis of 2-18  
2-16 (0.105 g, 0.116 mmol) was dissolved in dry CH2Cl2 (7 mL) and the ReI complex 2-5 
(0.100 g, 0.231 mmol) in dry CH2Cl2 (5 mL) was added slowly. The reaction was stirred 
at room temperature under N2 for 24 hours but no product was observed in the 1H NMR 
spectrum. The CH2Cl2 was removed and CH3NO2 (12 mL) was added and the reaction 
refluxed for three days. Another 1H NMR spectrum was obtained and no product was 
observed. After some time, a precipitate was observed from CD3CN and collected.  
Ph
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O
O
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Table 2.26: 1H NMR data for 2-18 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.56 s 8 - 
b 3.64 s 8 - 
c 3.97 s 8 - 
d 6.68 s 4 - 
e (Ha) 4.97 s 4 - 
e (Hb) 4.20 s 4 - 
f 7.22 m 8 - 
g, h 7.27 – 7.34 m 16 - 
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2.9.20 Synthesis of 2-19 
2-17 (0.201 g, 0.235 mmol) was placed in a Schlenk flask and was evacuated and 
backfilled three times. The ligand was then dissolved in dry CHCl3 (5 mL). In a separate 
Schlenk flask, ReI complex 2-5 (0.203 g, 0.470 mmol) was evacuated and backfilled 
three times and dissolved in dry CHCl3 (5 mL). The ReI complex solution was then added 
dropwise to the ligand and the reaction was stirred at room temperature overnight. The 
solvent was removed to give a golden yellow solid (0.342, 93%). Mp 74 – 78 °C. 
Elemental Analysis: Calculated for [Re2Br2C50H72S4O14]: C, 38.56; H, 4.66. Found: C, 
39.73; H, 4.79. IR data (cm-1): 2960, 2925, 2853, 2028, 1929, 1904, 1520, 1457, 1275, 
1136, 899.  
O
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Table 2.27: 1H NMR data for 2-19 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.84 s 8 - 
b 3.94 s 8 - 
c 4.17 s 8 - 
d 6.68 s 4 - 
e (Ha) 4.92 s 4 2Jee = 12.7 
e (Hb) 3.68 s 4 2Jee = 12.7 
f (Ha) 3.09 m 4 - 
f (Hb) 2.92 m 4 - 
g 1.75 m 8 - 
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h 1.51 m 8 - 
i 0.990 t 12 3Jih = 7.3 
 
Table 2.28: 1H NMR data for 2-19 in CD3NO2 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.71 s 8 - 
b 3.84 s 8 - 
c 4.15 s 8 - 
d 6.93 s 8 4 - 
e (Ha) 4.79 d 8 4 2Jee = 13.5 
e (Hb) 3.98 d 4 2Jee = 13.0 
f  3.03 s (br) 8 - 
g 1.80 m 8 - 
h 1.51 m 8 - 
i 0.955 t 12 3Jih = 7.3 
 
Table 2.29: 13C NMR data for 2-19 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 76.59 
b 71.41 
c 69.67 
d 117.18 
e 40.91 
f 13.80 
g 21.85 
h 30.47 
i 34.10 
j 148.87 
k 127.17 
CO 187.80 
CO 189.20 
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2.9.21 Synthesis of 2-20 
2-16 (0.048 g, 0.0515 mmol) and PtCl2(EtCN)2 (0.039 g, 0.103 mmol, 2 eq.) were placed 
in a Schlenk flask and were evacuated and backfilled three times. The compounds were 
then dissolved in dry and degassed CH3CN and refluxed overnight under N2. The 
resulting pale yellow solid was filtered to yield the desired product (0.059 g, 78%). Mp 
209 – 212 °C. Elemental Analysis: Calculated for [Pt2Cl4C52H56S4O8]: C, 42.51; H, 3.84. 
Found: C, 41.85; H, 3.89. IR data (cm-1): 2935, 2865, 1605, 1578, 1522, 1473, 1441, 
1425, 1356, 1282, 1245, 1225, 1214, 1136, 1099, 1079, 1050, 1021, 999, 941, 905, 881, 
747, 712, 686, 588, 480.  
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Table 2.30: 1H NMR data for 2-20 in DMSO at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.59 s 8 - 
b 3.68 s 8 - 
c 3.93 s 8 - 
d 6.84 s 4 - 
e 4.23 s 8 - 
f, g 7.28 – 7.34 m 16 - 
h 7.20 t 4 3Jhg = 7.0  
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2.9.22 Synthesis of 2-21 
2-17 (0.096 g, 0.112 mmol) and PtCl2(EtCN)2 (0.084 g, 0.224 mmol, 2 eq.) were placed 
in a Schlenk flask and were evacuated and backfilled three times. The compounds were 
then dissolved in dry and degassed CH3CN and refluxed overnight under N2. Within a 
few hours a pale yellow precipitate had started to form. This yellow solid was filtered to 
yield the desired product (0.063 g, 40%). Mp 197 – 203 °C. Elemental Analysis: 
Calculated for [Pt2Cl4C44H71S4O8]: C, 38.04; H, 5.22. Found: C, 37.45; H, 5.11. IR data 
(cm-1): 2957, 2932, 2870, 1603, 1523, 1488, 1453, 1426, 1406, 1356, 1285, 1247, 1229, 
1210, 1129, 1100, 1083, 1053, 1020, 995, 934, 871, 759, 741, 694, 588.  
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Table 2.31: 1H NMR data for 2-21 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.80 s 8 - 
b 3.90 s 8 - 
c 4.16 s (br) 8 - 
d 6.94 s 4 - 
e 3.18 s (br) 8 - 
f 2.06 s 8 - 
g 1.56 s 8 - 
h 1.26 s 8 - 
i 1.04 t 12 3Jih = 7.2 
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2.9.23 Synthesis of 2-22 
2-16 (0.129 g, 0.141 mmol, 1 eq.) and RuCl2(DMSO)4 (0.137 g, 0.283 mmol, 2 eq.) was 
put into a 25 mL Schlenk flask and was evacuated and backfilled (3x). Dry chloroform 
(15 mL) was added and the reaction was refluxed under N2 for a week or so with 
occasionally 1H NMR experiments obtained to check the progress but no product was 
observed.  
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2.9.24 Synthesis of 2-23 
2-17 (0.100 g, 0.117 mmol) was placed in a 25 mL Schlenk flask and was evacuated and 
backfilled three times. The ligand was then dissolved in dry CHCl3 (10 mL). In a separate 
Schlenk flask, RuII complex 2-6 (0.113 g, 0.233 mmol, 2 eq.) was evacuated and 
backfilled three times and dissolved in dry CHCl3 (10 mL). The RuII complex was then 
added dropwise to the ligand and the reaction was stirred at room temperature overnight. 
After 2 more days of stirring at room temperature, the reaction was then refluxed. A 1H 
NMR experiment was obtained and no product was observed.  
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2.9.25 Synthesis of 2-24 
2-16 (10.0 mg, 0.107 µmol) and AgOTf (8.34 mg, 0.325 µmol, 3 eq.) were dissolved in 
CH3CN and stirred for one minute to yield the desired product (12.7 mg, 100%).  
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Table 2.32: 1H NMR data for 2-24 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.64 s 8 - 
b 3.72 t (br) 8 - 
c 3.90 t (br) 8 -  
d 6.59 s 4 - 
e 4.21 s 8 - 
f – h 7.35 – 7.43 m 20 - 
 
Table 2.33: 1H NMR data for 2-24 in CD3NO2 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.75 s 8 - 
b 3.81 s (br) 8 - 
c 3.98 s (br) 8 - 
d 6.71 s 4 - 
e 4.25 s 8 - 
f – h 7.30 – 7.36 m 20 - 
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2.9.26 Synthesis of 2-25 
2-17 (10.0 mg, 0.117 µmol) and AgOTf (8.85 mg, 0.344 mmol, 3 eq.) were dissolved in 
CH3CN and stirred for one minute to yield the desired product (13.0 mg, 100%).  
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Table 2.34: 1H NMR data for 2-25 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.66 s 8 - 
b 3.80 s 8 - 
c 4.10 s 8 - 
d 6.82 s 4  
e 3.91 s 8 - 
f 2.82 t 8 3Jfg = 7.5 
g 1.67 p 8 - 
h 1.45 m 8 - 
i 0.953 t 12 3Jih = 7.2 
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Chapter 3: [2]Rotaxane Ligands with Donors on Both the Axle 
and Wheel 
3.1 Introduction to Rotaxanes as Ligands 
 As previously discussed, there are a few methods to synthesize a rotaxane 
including threading followed by stoppering which is the chosen method for these studies. 
In this case, an axle is added to a wheel component to first form a pseudorotaxane. After 
this, stoppering groups are added creating a dumbbell within the cavity of the wheel. 
There are different ways to make a rotaxane into a ligand. Earlier work utilized axles with 
donor atoms which formed a rotaxane when the ligand coordinated to a metal complex.1,2 
Another option is to have donor atoms on the stopper groups. Upon the addition of the 
stopper to the pseudorotaxane, a rotaxane ligand is formed with donor atoms on the 
dumbbell. The final option is to synthesize a wheel with donor atoms as substituents.3 We 
are interested in studying donors atoms on the wheel component since these rotaxane 
ligands have not been widely investigated. Ultimately, our research goals are to create a 
rotaxane ligand with donors on both the axle and wheel for the discovery of an entirely 
new class of ligands as depicted in Figure 3.1.  
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Figure 3.1: Target rotaxane ligand with sulphur donors on the crown ether wheel (red) 
and sulphur donors on the stopper (green).  
 The synthesis of metal organic frameworks (MOFs) that incorporate mechanically 
interlocked molecules (MIMs) are of great interest since this leads to a variety of novel 
structures which have different properties than the individual components which can be 
used in artificial molecular machines, rotors, shuttles and switches.4-7 Solution studies 
have given much detail to the properties of MIMs, but to form functional materials, more 
ordered structures are required. One way to introduce higher order is by assembling 
rotaxanes into a repeating framework of a crystalline lattice.8 This has resulted in a 
variety of novel structures and even characterization of the rotational dynamics and 
translational motion of two different interlocked macrocycles in a MOF lattice (Figure 
3.2).8,9  
 These metal organic rotaxane frameworks were first prepared by adding 
monodentate donor atoms onto a linear axle which was threaded through a macrocyclic 
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wheel such as a crown ether or cucurbituril.10,11 The result was coordination polymers 
with 1-, 2-, and 3-D structures with the metal nodes linked though [2]rotaxane ligands 
with macrocyclic wheels interlocked onto the framework skeleton.10,12,13 A new method 
for MORF synthesis has recently been explored which inverts the function of the axle and 
wheel and utilizes the wheel for coordination.14 In this case, derivatives of 
dibenzo-24-crown-8 ether with chelating donor atoms were coordinated to CdII resulting 
in a new class of MORFs and expanding the possibilities of rotaxanes as linkers.14  
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Figure 3.2: Linking unit of the (a) CuII MORF with rotational dynamics and (b) ZnII 
MORF with translational motion.8,9 
 We are interested in further exploring the use of this type of crown ether as a 
linker to synthesize additional unique MORF structures. In the end, the combination of 
donors on both the wheel and axle is of great interest as the result has the potential to 
create an entirely new type of framework which contains interpenetration of the 
frameworks through the interlocking nodes of the [2]rotaxanes.  
3.2 Synthesis of [2]Rotaxane Ligands with Four Thioether Donors 
 The thioether crown ethers that are used for this study are 2-16 and 2-17 as 
synthesized in Chapter 2. The axle was synthesized based on the literature.15 The 
  101 
 
synthesis of the axle is summarized in Scheme 3.1. The first step requires the synthesis of 
an aldehyde (3-1) through a Suzuki coupling reaction between 4-formylphenyl boronic 
acid and 4-bromopyridine hydrochloride in the presence of Pd(PPh3)4 and Na2CO3 as 
outlined in Scheme 3.1. Compound 3-1 was then reduced with NaBH4 in anhydrous 
ethanol forming compound 3-2. The axle was then synthesized from 3-2 by refluxing in 
acetonitrile with 1,2-dibromoethane for 3 days. The resulting product was anion 
exchanged to the OTf- salt to yield 3-3.   
O
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NBr
O
N
HO
N
HO
N
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N
2 OTf
[3-1]  (82%)
[3-2]  (76%)
[3-3]  (66%)
NaBH4, EtOH
0o - rt, overnight
1) CH3CN, Br2Et
    reflux, 3 d
2) NaOTf
    CH3NO2 / H2O
CH3CN / H2O
Na2CO3, Pd(PPh3)4
reflux, 2 d, N2
HCl
 
Scheme 3.1: Synthetic route for the alcohol axle 3-3.15 
 To synthesize a [2]rotaxane, the axle and thioether crown ether were dissolved in 
dry CH3CN and the reaction stirred at room temperature to form a [2]pseudorotaxane. 
t-Butylbenzoic acid, N,N'-dicyclohexylcarbodiimide (DCC), and tributylphosphine 
(nBu3P) catalyst were added and the reaction was then stirred at room temperature for 3 
days to yield the [2]rotaxane ligands 3-4 and 3-5 with four sulphur donors attached to the 
crown ether wheel as seen in Scheme 3.2. The [2]rotaxanes were fully characterized by 
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1H NMR spectroscopy, 13C NMR spectroscopy, melting point, exact mass and IR 
spectroscopy.  
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Scheme 3.2: Synthetic route for [2]rotaxanes with 4 thioether donors. 
 When either of these [2]rotaxane ligands are reacted with AgI ions, a change 
occurs in the 1H NMR spectrum as shown in Figure 3.3. The aromatic protons p on the 
thioether crown ether shift upfield by 0.05 ppm for compound 3-4 (Ph) and 0.07 ppm for 
compound 3-5 (nBu). Benzylic protons q adjacent to the sulphur atoms are barely 
affected in the case of 3-4 but shift upfield by 0.07 ppm for the ligand 3-5. All of the 
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protons in the butane chain shift downfield with those closest to the sulphur (protons r) 
shifting the furthest (0.28 ppm). 
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Figure 3.3: 1H NMR spectra in CD3CN of [2]rotaxane ligand (a) 3-5 coordinated to AgI, 
(b) ligand 3-5, (c) 3-4 coordinated to AgI and (d) ligand 3-4 (500 MHz, 300 K). 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
a
g, h
b
c
d
e
p a
f
m, n, o
q
r s
i
t
u
g, h
b
d
c
e
p a
f
m, n, o q
r
s
i
t
u
g, h
b dc
e p a f
m q
in, o
g, h
b d c e
p
f
m q
i
n, o
r -t
r -t
a) 
b) 
c) 
d) 
  104 
 
3.3 X-Ray Crystal Structure of a Thioether [2]Rotaxane Ligand 
 Crystals of compound 3-4 suitable for X-ray diffraction were obtained by slowly 
evaporating CH3CN from the solution to yield yellow plates. The material crystallizes in 
the triclinic space group P-1 with Z = 1 for a formula of {3-4[OTf]2}. As shown in Figure 
3.4 (a), the axle is interlocked within the crown ether forming a [2]rotaxane. The sulphur 
atoms on the crown ether point in the same direction allowing for potential coordination 
to a metal center. Each [2]rotaxane is tilted slightly relative to the oxygen ring of the 
crown ether forming an almost rectangular shape which then stacks adjacent to another 
[2]rotaxane in the ac plane as seen in Figure 3.4 (b). Down the b axis, each rotaxane 
stacks directly above the adjacent rotaxane.    
 
a) 
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Figure 3.4: (a) X-ray crystal structure of the [2]rotaxane {(3-4)[OTf]2}. Colour key: 
yellow = sulphur; red = oxygen; blue = nitrogen; black = carbon; white = hydrogen and 
(b) ball-and-stick packing diagram of the [2]rotaxane down the b-axis (blue⊂red). 
Hydrogen atoms have been omitted for clarity. 
3.4 Coordination of [2]Rotaxane Ligands with Four Thioether Donors 
 The [2]rotaxane ligand 3-4 was reacted with two equivalents of AgOTf in 
CH3CN. Isopropyl ether was slowly diffused into the vial to yield yellow prisms suitable 
for X-ray diffraction. The crystal system is triclinic and the space group is P-1. The 
material was determined to have a formula of {[Ag(3-4)][OTf]3(CH3CN)32}n with a 1:1 
metal to ligand ratio and a repeating unit of the permanently interlocked [2]rotaxanes as 
seen in Figure 3.5 (a). The AgI center adopts a slightly distorted tetrahedral geometry 
with two sulphur donors from each of two different ligands. The thioether crown ether of 
the [2]rotaxane are linked together by the AgI metal ions forming a 1D coordination 
polymer with a zig-zag pattern similar to that observed for the free macrocycle (Figure 
2.14). The threaded axle does not participate in the coordination to the metal center but 
does affect the packing greatly. In the case of the free macrocycle, a tightly packed 
b) 
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structure was observed. The presence of the axle causes a much more porous structure to 
result with large channels which are filled with solvent molecules (CH3CN). Figure 3.5 
(b) shows just the resulting polymer without the axle and Figure 3.5 (c) shows the 
polymer with the axle (blue) within the cavity of the crown ether, leaving void space. 
This is most likely a steric effect caused by the stopper groups on the axle which prevents 
the 1D polymer chains from packing as efficiently compared to the free crown ether.  
 
 
Figure 3.5: (a) [2] Repeating unit of {[Ag(3-4)][OTf]3(CH3CN)32}n, Colour key: purple = 
silver; yellow = sulphur; red = oxygen; blue = nitrogen; black = carbon; white = 
hydrogen (b) space filling packing diagram of the crown ether linked polymer without the 
axle and (c) space filling packing diagram with the axle. 
a) 
b) c) 
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3.5 Synthesis of [2]Rotaxane Ligands with Six Thioether Donors 
 In order to synthesize a rotaxane with six thioether donors, a new stoppering 
group with a sulphur atom was required to add to the four donors already present from 
the crown ether. The first stopper studied was synthesized by refluxing methyl 
4-(bromomethyl)benzoate and dimethyl-butylbenzenethiol with sodium metal in 
anhydrous methanol to yield compound 3-6. The second stopper studied was synthesized 
in the same manner but with 4-tert-butylbenzenethiol to yield compound 3-8. A mild 
hydrolysis of the ester was required and followed the literature procedure of Karlsson.16 
The protected stopper group, synthesized previously, was dissolved in THF and a 1 M 
solution of LiOH•H2O in water was added to the solution. The reaction was stirred 
overnight at room temperature to yield the desired stoppers 3-7 and 3-9.  
 
R S O
O
O O
Br
R S O
OH
Na metal
MeOH, N2
reflux, 24 h
1M LiOH in H2O
THF
rt, 24 h
RSH =
[3-6]  R = Me2Ph (88%)
[3-8]  R = tBuPh (95%)
[3-7]  R = Me2Ph (87%)
[3-9]  R = tBuPh (90%)
or
SH
SH
RSH
 
Scheme 3.3: Synthetic route for thioether stoppering groups. 
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 To study these new stopper groups, two [2]rotaxanes were synthesized with a 
dibenzo-24-crown-8 ether wheel (DB24C8) resulting in a bidentate ligand that could be 
compared to other DB24C8 containing rotaxanes previously reported. Each stopper group 
was then employed in the synthesis of the hexadentate thioether ligand utilizing each of 
the two thioether crown ethers 2-16 and 2-17. Compound 3-3 (axle), a crown ether and 
the desired stopper were stirred at room temperature under N2 in a mixture of dry CH3CN 
and CH2Cl2 to form the [2]pseudorotaxane. After three hours, DCC and (nBu)3P catalyst 
were added and the reaction was stirred for 3 days at room temperature to yield a 
[2]rotaxane (compounds 3-11 to 3-16) as outlined in Scheme 3.4.  
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Scheme 3.4: Synthetic route for [2]rotaxane ligands with six thioether donors. 
 For both stopper groups studied, the hexadentate [2]rotaxane ligands experience a 
similar change in the 1H NMR spectra, as compared to the tetradentate rotaxanes 3-4 and 
3-5 upon coordination to AgI ions. The dimethyl-butylbenzenethiol stoppered rotaxanes 
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can be seen in Figure 3.6 and the 4-tert-butylbenzenethiol stoppered rotaxanes can be 
seen in Figure 3.7. The aromatic protons p shift upfield with the largest shift of 0.19 ppm 
for compound 3-15. Protons q shift upfield as well. In comparison to the [2]rotaxanes 
without donors on the axle, a greater change in chemical shift occurs for the hexadentate 
ligands. For the axle, the protons on the carbon adjacent to the sulphur atoms (protons i) 
shift downfield by 0.02 – 0.04 ppm.  
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Figure 3.6: 1H NMR spectra in CD3CN of (a) [2]rotaxane ligand 3-13 coordinated to AgI, 
(b) ligand 3-13, (c) 3-12 coordinated to AgI and (d) ligand 3-12 (500 MHz, 300K).  
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Figure 3.7: 1H NMR spectra in CD3CN of (a) [2]rotaxane ligand 3-16 coordinated to AgI, 
(b) ligand 3-16, (c) 3-15 coordinated to AgI and (d) ligand 3-15 (500 MHz, 300K).  
3.6 X-Ray Crystal Structure of a Hexadentate Interlocked Thioether Ligand  
 Crystals of compound 3-12 suitable for X-ray diffraction were obtained by slowly 
evaporating CH3CN from the solution to yield yellow plates. The molecule crystallizes in 
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the triclinic space group P-1 with a molecular formula of {(3-12)[OTf]2(CH3CN)4}. The 
molecular structure of the complex reveals that the axle is interlocked within the crown 
ether wheel forming a [2]rotaxane as seen in Figure 3.8 (a). The sulphur atoms on the 
crown ether are bent away from each other. The stoppers are bent in such a way that it 
resembles a fish hook, reducing the space as it wraps closer to the center of the rotaxane. 
This helps greatly in the packing of the molecules as two adjacent molecules pack closely 
together, minimizing the space in the solid state as seen in Figure 3.8 (b).  
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Figure 3.8: (a) Cationic [2]rotaxane portion of the crystal structure 
{(3-12)[OTf]2(CH3CN)2}. Colour key: yellow = sulphur; red = oxygen; blue = nitrogen; 
black = carbon; white = hydrogen and (b) ball-and-stick packing diagram (blue⊂red). 
Hydrogen atoms have been omitted for clarity. 
a) 
b) 
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3.7 Coordination of [2]Rotaxane Ligands with Six Thioether Donors 
 The hexadentate ligand 3-16 was reacted with AgOTf to yield a new type of 
morphology due to the availability of sulphur donor atoms on both the wheel (S4) and 
axle (S2). X-ray diffraction of the yellow prisms obtained through slow evaporation of 
CH3CN showed that the crystals had the formula {[Ag6(3-16)2(OTf)6(CH3CN)2-
(CH3OH)2][OTf]4(CH3CN)4}n with a monoclinic crystal system in the space group P21/c. 
In the structure, there are four linking nodes as seen in Figure 3.9. Two nodes are 
centered at the Ag-S bonding and two are centered at the [2]rotaxane ligand due to the 
interlocked topology of the rotaxane. In the case of the interlocked ligands (Figure 3.9 (a) 
and (b)), the bis-pyridinium axle is linear and threads through the thioether crown ether 
wheel which adopts an S-shaped conformation. All six thioether sulphur donors are 
coordinated to at least one AgI center. For the other two nodes, each contains binuclear 
AgI centers with each metal ion adopting a pseudotetrahedral geometry. The first metal 
node (Figure 3.9 (c)) has two S-donors from one crown ether (red) and two S-donors 
from two crystallographic independent axles (blue and green). The rest of the 
coordination sphere is filled with two oxygen atoms from OTf (light red) and a nitrogen 
atom from acetonitrile (light blue). The second metal node (Figure 3.9 (d)) has two S-
donors from the other thioether crown ether (orange) and two O-donors from a 
coordinated OTf and methanol (light red).  
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Figure 3.9: Ligand 3-16 coordinated to AgI of the MORF {Ag6(3-16)2-
[OTf]6(CH3CN)2(CH3OH)2}n, (a) one of the two interlocked [2]rotaxane nodes (wheel = 
red and axle = blue), (b) the other interlocked [2]rotaxane nodes (wheel = orange and 
axle = green), (c) the coordination sphere around the Ag(1) and Ag(2) ions and (d) the 
coordination sphere around the Ag(3) ion. Hydrogen atoms have been omitted for clarity. 
Colour key: purple = silver; yellow = sulphur. 
a) 
b) 
c) d) 
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 The basic building block of the interwoven structure contains four bis-pyridnium 
axles (two blue and two green) and two thioether crown ether wheels (red) as seen in 
Figure 3.10 (a). All of these components are combined though Ag-S coordination (Figure 
3.9 (c)) to form a brick like motif which propagates into a 2D periodic sheet. Each of 
these sheets has an identical 2D sheet that passes though (interpenetrates) a series of 
identical 2D sheets via interpenetration of the blue⊂red rotaxane as seen in Figure 3.10 
(b) and (c). Since there are four components in a similar environment (two blue axles and 
two red crown ethers) in the basic building block, a total of four sheets interpenetrate in 
this fashion. The 2D sheet also interpenetrates a 1D strand of coordinated thioether crown 
ethers (orange) interlocked to the axles (green) as seen in Figure 3.10 (d). The interlocked 
nature of the rotaxane ligands in this structure results in a 3D metal organic framework as 
a result of the interwoven axles and wheels. Even with all the complicated set of 
interwoven strands, the resulting framework still contains large openings of void space 
which is large enough for interpenetration of two identical frameworks to fill the space as 
seen in Figure 3.10 (e) with black⊂grey.   
 
a) 
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Figure 3.10: (a) A single building block, (b) 2D sheet showing the full [2]rotaxane 
linkers, blue⊂red and green⊂orange, (c) 2D sheets showing how they interpenetrate due 
to the [2]rotaxanes (blue⊂red), (d) 1D coordination polymer of coordinated crown ethers 
(orange), and (e) interpenetration by two identical frameworks. 
d) 
e) 
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3.8 Summary and Conclusions 
 The crystal structure of the tetradentate [2]rotaxane free ligand shows the 
interpenetration of the linear axle and crown ether wheel. The stopper groups of the axle 
rest close to the wheel to minimize the space, allowing for the [2]rotaxanes to pack very 
close together. In comparison, when the ligand is coordinated to AgI metal ions, the axles 
move away from the crown ether to make room for the metal. In the case of this ligand, 
coordination to AgI metal ions results in a 1D coordination polymer with a zig-zag 
conformation similar to the coordination polymer formed for the crown ether ligand in 
the previous chapter.  
 The hexadentate ligand resulted in a new type of interlocked ligand which makes 
use of the multiple donor atoms attached to both the wheel and axle of a [2]rotaxane 
ligand to form a unique interwoven MOF architecture when coordinated to AgI. Similar 
to the polymers formed when donors were present on just the crown ether, a 1D polymer 
strand was formed when the ligand was coordinated to silver but in this instance, a more 
linear (less zig-zig) pattern occurred since the coordination occurred at a binuclear AgI 
center. With the presence of donors on the axle, coordination that resembled that found in 
the literature for donors on only the axle was observed. This new rotaxane based 
topology with intricately woven frameworks has the potential to produce new materials 
with sophisticated internal architectures by design.   
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3.9 Experimental  
 
3.9.1 General Comments 
 All reagents and starting materials were purchased from Aldrich Chemicals or 
TCI America and used without further purification. Compounds 3-1, 3-2 and 3-3 have 
been reported previously in the literature.15 Preparation of 3-7 and 3-9 was based off of 
literature procedures.16 Deuterated solvents were obtained from Cambridge Isotope 
Laboratories and Aldrich Chemicals and used as received. Solvents were dried using an 
Innovative Technologies Solvent Purification system.  Thin layer chromatography (TLC) 
was performed using aluminum-backed TLC plates from Silicycle. Column 
chromatography was performed using either Silicycle Ultra Pure Irregular Silica Gel (230 
– 400 mesh, 60 Å pore diameter) on the bench top or Teledyne Ultra-Pure Silica Gel on a 
Teledyne Isco CombiFlash-Rf instrument as specified in the experiment procedure. 1H 
NMR spectra were recorded on a Bruker Avance 500 spectrometer operating at 500.13 
MHz. 13C NMR experiments were recorded on an Ultrashield Bruker Avance 300 
spectrometer operating at 75.47 MHz. 1H, 1H-COSY 2D experiments were recorded on 
an Ultrashield Bruker Avance 300 spectrometer operating at 300.13 MHz. High 
resolution mass spectrometry (HR-MS) experiments were performed on a Micromass 
LCT time-of-flight mass spectrometer. All IR spectra were recorded on a Bruker Alpha-p 
FT-IR Spectrometer from 400-4000 cm-1.  
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3.9.2 Synthesis of 3-1 (literature procedure)15 
4-formylphenyl boronic acid (1.000 g, 6.67 mmol), 4-bromopyridine hydrochloride 
(1.297 g, 6.66 mmol) and Na2CO3 (0.848 g, 8.00 mmol, 1.2 eq.) were placed in a Schlenk 
flask. The flask was then evacuated and backfilled (3x). The solids were then dissolved in 
dry CH3CN (40 mL) and degassed H2O (20 mL). Pd(PPh3)4 (0.383 g, 0.429 mmol, 6%) 
was added and the reaction was refluxed under N2 for two days. The reaction was cooled 
and filtered. Solvent was removed via a rotary evaporator. The product was then 
extracted with CHCl3 (3 x 50mL) and then washed with water (3 x 50mL). The CHCl3 
layer was dried with MgSO4 and the solvent removed. The resulting solid was purified 
using column chromatography with a solvent system of 2 % MeOH in CHCl3 (Rf = 
0.625) to yield 3-1 (1.022 g, 82%).   
O
N
abcd
e
 
Table 3.1: 1H NMR data for 3-1 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 8.73 d 2 3Jab = 6.0 
b 7.55 d 2 3Jba = 6.0 
c 7.81 d 2 3Jcd = 8.0 
d 8.01 d 2 3Jdc = 8.5 
e 10.10 s 1 - 
  
  123 
 
3.9.3 Synthesis of 3-2 (literature procedure)15 
3-1 (1.357 g, 7.41 mmol) was dissolved in anhydrous EtOH (80 mL). N2 was blown 
through the reaction flask and the reaction cooled to 0oC. NaBH4 (1.682 g, 44.45 mmol, 6 
eq.) was added slowly to the flask. The reaction was stirred for 3 h at 0oC and then 
allowed to warm up to room temperature. The reaction was then stirred overnight. 
Solvent was removed and the resulting solid was extracted with CH2Cl2. The product was 
then washed with NaHCO3 (3 x 50 mL) and then water (3 x 50 mL). The organic layer 
was dried with MgSO4 and solvent removed to yield a white solid (1.045 g, 76%).   
HO
N
abcd
e
f
 
Table 3.2: 1H NMR data for 3-2 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 8.66 d 2 3Jab = 6.0 
b, c 7.46 – 7.52 m 4 - 
d 7.65 d 2 3Jdc = 8.0 
e 4.78 d 2 3Jef = 5.5 
f 1.82 t 1 3Jfe = 6.0 
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3.9.4 Synthesis of 3-3 (literature procedure)15 
3-2 (0.528 g, 2.90 mmol, 2.5 eq.) was dissolved in hot CH3CN. 1,2-dibromoethane (0.218 
g, 1.16 mmol, 0.100 mL) was added and the reaction refluxed for 3 days. The reaction 
was cooled and filtered. The precipitate was dissolved in minimal amount of hot water 
and excess NaOTf was added. The solution was cooled and the resulting precipitate was 
collected to yield 3-3 (0.534 g, 66%).   
HO
N
N
OH
2 Br
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Table 3.3: 1H NMR data for [3-3][Br]2 in D2O at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 8.76 d 4 3Jab = 5.5 
b 8.12 d 4 3Jba = 6.5 
c 7.88 d 4 3Jcd = 8.0 
d 7.56 d 4 3Jdc = 8.0 
e 4.70 d 4 - 
f - - 2 - 
g Under water peak s 4 - 
 
Table 3.4: 1H NMR data for [3-3][OTf]2 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 8.60 d 4 3Jab = 11.5 
b 8.305 d 4 3Jba = 12.0 
c 7.94 d 4 3Jcd = 14.0 
d 7.62 d 4 3Jdc = 14.0 
e 4.71 d 4 3Jef = 9.0 
f 3.46 t 2 3Jfe = 9.0 
g 5.07 s 4 - 
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3.9.5 Synthesis of 3-4 
2-16 (0.135 g, 0.144 mmol, 2 eq.) was dissolved in acetonitrile (15 mL). 3-3[OTf]2 
(0.050 g, 0.0793 mmol) was added and the reaction stirred at room temperature to form a 
[2]pseudorotaxane. t-Butylbenzoic acid (0.064 g, 0.360 mmol, 5 eq.), N,N’-
dicyclohexylcarbodiimide (DCC) (0.118 g, 0.574 mmol, 8 eq.) and a few drops of n-Bu3P 
catalyst were added. The reaction was then stirred at room temperature for three days. 
After this time, the reaction was filtered and the solvent removed. Purification was 
performed using column chromatography with a solvent system of 3:2 
methanol/dichloromethane (Rf(crown) = 0.95, Rf(rotaxane) = 0.86, Rf(capthread) = 0). The product 
was then dissolved in acetonitile to remove the excess, less soluble free crown ether. The 
solvent was removed to yield a yellow solid (0.056 g, 40%). MP: 225 – 245 °C. HR-MS 
(ESI): calculated for [3-4]2+, [C100H106N2O12S4]2+, m/z 827.3309; found m/z 827.3330 and 
calculated for [3-4+OTf]+, [C101H106F3N2O15S5]+, m/z 1803.6143; found m/z 1803.6140. 
IR data (cm-1): 3061, 2962, 2872, 1713, 1639, 1609, 1516, 1503, 1440, 1410, 1273, 1224, 
1202, 1188, 1155, 1114, 1099, 1030, 1015, 954, 822, 749, 708, 690, 638.  
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Table 3.5: 1H NMR data for 3-4 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.45 s 4 - 
b 8.93 d 4 3Jbc = 7.0 
c 7.86 d 4 3Jcb = 7.0 
f 7.97 d 4 3Jfg = 7.0 
g 7.47 d 4 3Jgf = 7.0 
i 5.35 s 4 - 
l 7.74 d 4 3Jlm = 8.0 
m 7.69 d 4 3Jml = 8.0 
p 1.31 s 18 - 
1, 2 3.88 s 16 - 
3 3.96 s 8 - 
5 6.49 s 4 - 
7 3.77 s 8 - 
9 – 11 7.17 – 7.26 m 20 - 
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Table 3.6: 13C NMR data for 3-4 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 31.21 1 71.57 
b 35.72 2 71.01 
c 157.97 3 68.74 
d 126.61 4 146.42 
e 130.22 5 115.23 
f 129.02 6 130.26 
g 166.91 7 35.72 
h 66.34 8 137.34 
i 142.34 9 128.09 
j 129.18 10 129.95 
k 129.28 11 127.25 
l 133.64   
m 156.31   
n 124.46   
o 146.80   
p 58.51   
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3.9.6 Coordination of 3-4 to AgOTf 
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Table 3.7: 1H NMR data for [3-4][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.46 s 4 - 
b 8.93 d 4 3Jbc = 7.0 
c 7.89 d 4 3Jcb = 7.0 
f 7.98 d 4 3Jfg = 8.5 
g 7.49 d 4 3Jgf = 9.0 
i 5.35 s 4   - 
l, m 7.69 – 7.74 m 8 - 
p 1.31 s 18 - 
1 3.85 s 8 - 
2 3.88 s 8 - 
3 3.97 s 8 - 
5 6.44 s 4 - 
7 3.76 s 8 - 
9 – 11 7.19 – 7.26 m 20 - 
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3.9.7 Synthesis of 3-5 
2-17 (0.118 g, 0.138 mmol, 2 eq.) was dissolved in acetonitrile (15 mL). 3-3[OTf]2 
(0.048 g, 0.0689 mmol) was added and the reaction stirred at room temperature overnight 
to form a pseudorotaxane. tButylbenzoic acid (0.061 g, 0.345 mmol, 5 eq.), DCC (0.114 
g, 0.551 mmol, 8 eq.) and a few drops of tBu3P catalyst was added. The reaction was then 
stirred at room temperature for 3 days. After this time, the reaction was filtered and 
solvent removed. The product was then dissolved in acetonitrile to remove the excess, 
less soluble free crown ether. The solvent was removed. The product was further cleaned 
by washing with EtOH. The solid was then stirred in hot toluene to remove the remaining 
excess crown ether. The resulting yellow solid was collected (0.036 g, 28%). (mtheo = 
0.129 g, M = 1874.3564 g / mol). MP: 248 – 253 °C. HR-MS (ESI): calculated for [3-
5]2+, [C92H122N2O12S4]2+, m/z 787.3935; found m/z 787.3935 and calculated for [3-
5+OTf]+, [C93H122F3N2O15S5]+, m/z 1723.7395; found m/z 1723.7401. IR data (cm-1): 
3070, 2956, 2932, 2872, 1718, 1639, 1609, 1563, 1516, 1464, 1410, 1269, 1224, 1201, 
1188, 1153, 1100, 1030, 955, 823, 775, 751, 708, 638, 517.  
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Table 3.8: 1H NMR data for 3-5 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.44 s 4 - 
b 9.01 d 4 3Jbc = 7.0 
c 7.92 d 4 3Jcb = 7.0 
f 8.03 d 4 3Jfg = 8.5 
g 7.59 d 4 3Jgf = 8.5 
i 5.42 s 4 - 
l, m 7.65 d of d 4 3Jlm = 8.5, 
23.0 
p 1.35 s 18 - 
1, 2 3.98 s 16 - 
3 4.01 s 8 - 
5 6.58 s 4 - 
7 3.96 s 8 - 
8 2.34 t 8 3J89 = 7.3 
9 1.46 m 8 - 
10 1.31 m 8 - 
11 0.849 t 12 3J1110 = 7.5 
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Table 3.9: 13C NMR data for 3-5 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 31.27 1 71.64 
b 35.77 2 71.17 
c 158.11 3 68.84 
d 126.69 4 146.56 
e 129.82 5 115.09 
f 128.21 6 130.34 
g 166.90 7 33.48 
h 66.36 8 32.61 
i 142.24 9 32.29 
j 129.20 10 22.62 
k 129.20 11 13.97 
l 133.74   
m 156.47   
n 124.62   
o 146.56   
p 58.59   
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3.9.8 Coordination of 3-5 to AgOTf 
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Table 3.10: 1H NMR data for 3-5 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.46 s 4 - 
b 9.00 d 4 3Jbc = 7.0 
c 8.09 d 4 3Jcb = 6.5 
f 8.05 d 4 3Jfg = 8.5 
g 7.78 d 4 3Jgf = 8.5 
i 5.42 s 4 - 
l 7.64 d 4 3Jlm = 8.5 
m 7.60 d 4 3Jml = 8.5 
p 1.35 s 18 - 
1 4.01 s 8 - 
2 4.03 s 8 - 
3 4.09 s 8 - 
5 6.51 s 4 - 
7 3.32 s 8 - 
8 2.62 t 8 3J89 = 7.5 
9 1.545 m 8 - 
10 1.35  m 8 - 
11 0.898 t 12 3J1110 = 7.5 
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3.9.9 Synthesis of 3-6 
Na metal (0.140 g, 6.09 mmol) was added to anhydrous methanol (30 mL). 3,5-dimethyl-
butylbenzenethiol (0.842 g, 6.09 mmol, 0.829 mL) was added and the reaction was stirred 
at room temperature for 3 hours. After this time, methyl 4-(bromomethyl)benzoate (1.395 
g, 6.09 mmol) was added and the solution was refluxed overnight. The solvent was 
removed. The product was then extracted with dichloromethane and the solid NaBr was 
filtered off. The solvent was then removed on a rotary evaporator. Column 
chromatography was ran with a 5% ethyl acetate in hexanes solution (Rf = 0.43 w/ 4% 
solution) to yield a yellow oil (1.520 g, 88%). MP: oil at room temperature. HR-MS 
(ESI): calculated for [3-6+H]+, [C17H19O2S]+, m/z 287.1100; found m/z 287.1104.  IR 
data (cm-1): 2948, 2915, 2858, 2842, 1718, 1609, 1599, 1580, 1434, 1413, 1276, 1191, 
1177, 1106, 1020, 893, 850, 836, 796, 774, 731, 710.   
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Table 3.11: 1H NMR data for 3-6 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 2.25 s 6 - 
b 6.83 s 1 - 
c 6.92 s 2 - 
d 4.11 s 2 - 
e 7.34 d 2 3Jef = 8.0 
f 7.95 d 2 3Jfe = 8.0 
g 3.90 s 3 - 
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Table 3.12: 13C NMR data for 3-6 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 21.29 
b 128.68 
c 127.90 
d 39.02 
e 128.68 
f 129.85 
g 52.19 
h 138.64 
i 135.15 
j 143.29 
k 128.95 
l 167.00 
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3.9.10 Synthesis of 3-7 
1 M LiOH·H2O (0.043 g in 4.5 mL H2O) was added to a round bottom flask. 3-6 (0.325 
g, 1.13 mmol, 1.1 eq.) was added in THF (5 mL) and the reaction stirred overnight at 
room temperature. THF was removed and the solution was then brought to a pH of 3 
using a 1 M HCl solution. The precipitate was collected by vacuum filtration. The 
resulting solid was purified using column chromatography on the CombiFlash with a 
solvent system of 100% CHCl3 till the starting material came out and then the solvent 
system was changed to 3 : 2 MeOH / CHCl3 to collect the desired product (Rf(starting) = 
0.75 and Rf(product) = 0.05 in 100% CHCl3; Rf(starting) = 0.96 and Rf(product) = 0.78 for 5% 
MeOH in CHCl3). Solvent was removed to yield a pale yellow solid (0.242 g, 87%). MP: 
154 – 157 °C. HR-MS (ESI): calculated for [[3-7]–H]-, [C16H15O2S]-, m/z 271.0798; 
found m/z 271.0793. IR data (cm-1): 2923, 2848, 2664, 2550, 1675, 1610, 1602, 1577, 
1423, 1376, 1321, 1294, 1265, 1182, 1125, 1117, 1091, 1021, 955, 867, 846, 829, 789, 
774, 732, 681, 632, 598, 550, 500.  
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Table 3.13: 1H NMR data for 3-7 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 2.25 s 6 - 
b 6.83 s 1 - 
c 6.91 s 2 - 
d 4.12 s 2 - 
e 7.36 d 2 3Jef = 8.0 
f 8.01 d 2 3Jfe = 8.5 
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Table 3.14: 13C NMR data for 3-7 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 21.31 
b 128.16 
c 128.03 
d 39.12 
e 128.78 
f 130.50 
h 138.70 
i 135.00 
j 144.40 
k 129.09 
l 172.04 
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3.9.11 Synthesis of 3-8 
Na metal (0.1304 g, 5.65 mmol) was added to  anhydrous methanol (30 mL). 4-tert-
butylbenzenethiol (0.940 g, 5.65 mmol) was added and the reaction was stirred at room 
temperature for 3 hours. After this time, methyl 4-(bromomethyl)benzoate (1.295 g, 5.65 
mmol) was added and the solution was refluxed overnight. The solvent was removed. 
The product was extracted with dichloromethane and the solid NaBr was filtered off. The 
solvent was then removed on a rotary evaporator to yield an off white crystalline product 
(1.681 g, 95%). MP: 72 – 74 °C. HR-MS (ESI): calculated for [3-8+H]+, [C19H23O2S]+, 
m/z 315.1413; found m/z 315.1413. IR data (cm-1): 2952, 2903, 2867, 1717, 1609, 1497, 
1489, 1461, 1434, 1412, 1393, 1362, 1306, 1275, 1192, 1175, 1106, 1019, 1012, 965, 
892, 859, 818, 733, 710, 545.  
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Table 3.15: 1H NMR data for 3-8 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 1.28 s 9 - 
b 7.21 d 2 3Jbc = 8.5 
c 7.27 d 2 3Jcb = 9.5 
d 4.09 s 2 - 
e 7.32 d 2 3Jef = 8.5 
f 7.94 d 2 3Jfe = 8.0 
g 3.90 s 3 - 
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Table 3.16: 13C NMR data for 3-8 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 31.36 
b 126.12 
c 128.94 
d 34.62 
e 129.87 
f 130.02 
g 52.22 
h 39.54 
i 150.30 
j 132.02 
k 143.44 
l 128.94 
m 167.04 
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3.9.12 Synthesis of 3-9 
1 M LiOH·H2O (0.042 g in 4.5 mL H2O) was added to a round bottom flask. 3-8 (0.350 
g, 1.10 mmol) was added in THF (5 mL) and the reaction stirred overnight at room 
temperature. THF was removed and the solution was then brought to a pH of 3 using a 1 
M HCl solution. The precipitate was collected by vacuum filtration to yield a white solid. 
The resulting solid was purified using column chromatography on the CombiFlash with a 
solvent system of 5 % MeOH in CHCl3 (Rf(starting) = 0.04 and Rf(product) = 0.54 for 4% 
MeOH in CHCl3). Solvent was removed to yield a white solid (0.291 g, 87%). MP: 189 – 
191 °C. HR-MS (ESI): calculated for [[3-9]–H]-, [C18H19O2S]-, m/z 299.1111; found m/z 
299.1116. IR data (cm-1): 2960, 2901, 2866, 2674, 2550, 1683, 1610, 1576, 1498, 1423, 
1363, 1321, 1290, 1184, 1120, 1020, 1011, 944, 904, 865, 817, 738, 632, 545.  
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Table 3.17: 1H NMR data for 3-9 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 1.29 s 9 - 
b 7.28 d 2 3Jde = 8.5 
c 7.22 d 2 3Jed = 8.5 
d 4.11 s 2 - 
e 7.36 d 2 3Jfg = 8.0 
f 8.01 d 2 3Jgf = 8.5 
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Table 3.18: 1H NMR data for 3-9 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 1.27 s 9 - 
b 7.32 d 2 3Jde = 8.5 
c 7.25 d 2 3Jed = 8.5 
d 4.19 s 2 - 
e 7.40 d 2 3Jfg = 8.0 
f 7.89 d 2 3Jgf = 8.0 
 
Table 3.19: 13C NMR data for 3-9 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 31.40 
b 126.18 
c 129.10 
d 34.68 
e 130.56 
f 130.75 
h 39.66 
i 150.42 
j 131.96 
k 144.50 
l 129.10 
m 172.15 
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3.9.13 Synthesis of 3-10 
3-3[OTf]2 (0.025 g, 0.0359 mmol) and 3-9 (0.054 g, 0.0539 mmol, 5 eq.) were placed in a 
Schlenk flask and evacuated and backfilled (3x). The solids were then dissolved in dry 
acetonitrile (10 mL) and dichloromethane (1 mL). DCC (0.060 g, 0.0291 mmol, 8 eq.) 
and a few drops of nBu3P were added. The reaction was stirred for 3 days at room 
temperature. After this time, the reaction was filtered and the solvent removed. The 
resulting solid was stirred in CHCl3 to remove the excess cap (3-9). The solid was then 
collected and stirred in anhydrous ethanol to remove any decomposed DCC. The 
resulting white solid was collected to yield the clean capped thread (0.010 g, 22%). MP: 
237 – 239 °C.  
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Table 3.20: 1H NMR data for 3-10 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.08 s 4 - 
b 8.60 d 4 3Jbc = 7.0 
c 8.31 d 4 3Jcb = 7.0 
d 7.97 d 4 3Jde = 8.0 
e 7.72 d 4 3Jed = 8.0 
f 5.45 s 4 - 
g  7.97 d 4 3Jgh = 8.5 
h 7.45 d 4 3Jhg = 8.5 
i 4.21 s 4 - 
j 7.25 d 4 3Jhg = 6.5 
k 7.32 d 4 3Jhg = 8.0 
 
Table 3.21: 13C NMR data for 3-10 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 31.35 l 166.65 
b 38.62 m 66.41 
c 145.82 n 142.63 
d 126.63 o 129.84 
e 129.51 p 129.84 
f 132.92 q 134.00 
g 35.01 r 158.18 
h 145.14 s 126.31 
i 129.84 t 150.81 
j 130.45 u 60.03 
k 130.00   
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3.9.14 Coordination of 3-10 to AgOTf 
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Table 3.22: 1H NMR data for [3-10][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.12 s 4 - 
b 8.67 d 4 3Jbc = 5.0 
c 8.32 d 4 3Jcb = 5.0 
d 7.97 d 4 3Jde = 8.5 
e 7.71 d 4 3Jed = 8.5 
f 5.44 s 4 - 
g  7.97 d 4 3Jgh = 8.5 
h 7.44 d 4 3Jhg = 8.0 
i 4.21 s 4 - 
j 7.25 d 4 3Jhg = 8.5 
k 7.33 d 4 3Jhg = 6.5 
l 1.26 s 18 - 
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3.9.15 Synthesis of 3-11 
3-3[OTf]2 (0.050 g, 0.0718 mmol), DB24C8 (0.064 g, 0.144 mmol, 2 eq.) and 3-7 (0.098 
g, 0.359 mmol, 5 eq.) were placed in a Schlenk flask and evacuated and backfilled (3x). 
The solids were then dissolved in dry acetonitrile (4 mL) and dichloromethane (2 mL). 
The reaction was stirred at room temperature for a couple hours under N2. DCC (0.118 g, 
0.572 mmol, 8 eq.) and a few drops of (nBu)3P were added. The reaction was stirred for 3 
days at room temperature. The reaction was filtered and solvent. The resulting solid was 
washed with hot toluene to remove the excess crown ether. The resulting precipitate was 
collected to yield a yellow solid (0.078 g, 66%). MP: 169 – 171 °C. Elemental Analysis: 
Calculated for [C84H86S4O18N2F6]: C, 61.00; H, 5.24; N, 1.69. Found: C, 59.48; H, 5.29; 
N, 2.13. IR data (cm-1): 3068, 2932, 2879, 1702, 1638, 1610, 1505, 1452, 1252, 1212, 
1153, 1119, 1101, 1062, 1029, 1015, 951, 916, 852, 838, 825, 803, 742, 712, 694, 685, 
637, 572, 517.   
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Table 3.23: 1H NMR data for 3-11 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.44 s 4 - 
b 9.04 d 4 3Jbc = 6.5 
c 7.94 d 4 3Jcb = 7.0 
d 8.00 d 4 3Jde = 8.5 
e 7.47 d 4 3Jed = 8.0 
f 5.47 s 4 - 
g  7.64 d 4 3Jgh = 8.0 
h 7.61 d 4 3Jhg = 8.0 
i 4.22 s 4 - 
j 6.96 s 4 - 
k 6.85 s 2 - 
l 2.23 s 12 - 
m 3.96 s 8 - 
n 3.97 s 8 - 
o 4.03 s 8 - 
p 6.65 m 4 - 
q 6.53 m 4 - 
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3.9.16 Synthesis of 3-12 
3-3[OTf]2 (0.050 g, 0.0718 mmol) and 3-16 (0.135 g, 0.144 mmol, 2 eq.) were placed in a 
Schlenk flask and evacuated and backfilled (3x). The solids were then dissolved in dry 
acetonitrile (4 mL) and dichloromethane (2 mL). The reaction was warmed slightly to 
dissolve the crown ether and then was allowed to cool. 3-7 (0.098 g, 0.360 mmol, 5 eq.) 
was then added and the reaction stirred at room temperature for a couple of hours under 
N2. After this time, DCC (0.118 g, 0.572 mmol, 8 eq.) and a few drops of (nBu)3P were 
added. The reaction was stirred for 3 days at room temperature. The reaction was filtered 
and the solvent removed. The solid was redissolved in CH3CN and filtered to remove 
some of the excess crown. Solvent was removed and the resulting solid was dissolved in 
a minimum amount of CHCl3. Clean product was precipitated out with Et2O and 
collected to yield a light yellow solid (0.077 g, 50%). MP: 182 – 186 °C. HR-MS (ESI): 
calculated for [3-12]2+, [C110H110N2O12S6]2+, m/z 921.3186; found m/z 921.3192 and 
calculated for [3-12+OTf]+, [C111H110F3N2O15S7]+, m/z 1991.5898; found m/z 1991.5903. 
IR data (cm-1): 3061, 2926, 2878, 1717, 1639, 1610, 1580, 1517, 1503, 1439, 1269, 1224, 
1202, 1154, 1100, 1030, 954, 819, 749, 689, 638.  
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Table 3.24: 1H NMR data for 3-12 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.44 s 4 - 
b 8.93 d 4 3Jbc = 6.0 
c 7.86 d 4 3Jcb = 6.5 
f 7.93 d 4 3Jfg = 8.5 
g 7.37 d 4 3Jgf = 8.0 
i 5.34 s 4 - 
l 7.73 d 4 3Jlm = 8.5 
m 7.69 d 4 3Jml = 8.0 
o 4.18 s 4 - 
q 6.95 s 4 - 
s 6.83 s 2 - 
t 2.22 s 12 - 
1 3.97 s 8 - 
2 3.88 s 8 - 
3 3.89 s 8 - 
5 6.48 s 4 - 
7 3.77 s 8 - 
9 - 11 7.16 – 7.23 m 20 - 
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Table 3.25: 13C NMR data for 3-12 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 58.48 1 71.55 
b 146.77 2 70.99 
c 124.48 3 68.69 
d 156.17 4 146.39 
e 133.65 5 115.23 
f 129.49 6 130.45 
g 129.44 7 35.74 
h 142.08 8 136.00 
i 66.49 9 127.72 
j 166.64 10 129.98 
k 129.92 11 127.25 
l 130.28   
m 129.28   
n 145.00   
o 38.08   
p 137.28   
q 124.48   
r 139.64   
s 128.97   
t 21.14   
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3.9.17 Coordination of 3-12 to AgOTf 
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Table 3.26: 1H NMR data for [3-12][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.44 s 4 - 
b 8.91 d 4 3Jbc = 7.0 
c 7.90 d 4 3Jcb = 7.0 
f 7.96 d 4 3Jfg = 8.5 
g 7.39 d 4 3Jgf = 8.5 
i 5.34 s 4 - 
l, m 7.70 s 8 - 
o 4.20 s 4 - 
q 6.96 s 4 - 
s 6.84 s 2 - 
t 2.21 s 12 - 
1 3.98 s 8 - 
2 3.81 s 8 - 
3 3.88 s 8 - 
5 6.35 s 4 - 
7 3.73 s 8 - 
9 - 11 7.21 – 7.29 m 20 - 
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3.9.18 Synthesis of 3-13 
3-3[OTf]2 (0.050 g, 0.0718 mmol) and 3-17 (0.123 g, 0.143 mmol, 2 eq.) were placed in a 
Schlenk flask and evacuated and backfilled (3x). The solids were then dissolved in dry 
acetonitrile (4 mL) and dichloromethane (2 mL). The reaction was warmed slightly to 
dissolve the crown ether and then was allowed to cool. 3-7 (0.098 g, 0.560 mmol, 5 eq.) 
was added and the reaction was stirred at room temperature for a couple hours under N2. 
DCC (0.118 g, 0.572 mmol, 8 eq.) and a few drops of (nBu)3P were added. The reaction 
was stirred for 3 days at room temperature. After this time, the reaction was filtered and 
the solvent removed. The solid was redissolved in CH3CN and filtered to remove some of 
the excess crown. Solvent was removed and the resulting solid was dissolved in a 
minimum amount of CHCl3. Clean product was precipitated out with Et2O and collected 
to yield a bright yellow solid (0.087 g, 59%). MP: 138 – 141 °C. HR-MS (ESI): 
calculated for [3-13]2+, [C102H126N2O12S6]2+, m/z 881.3812; found m/z 881.3818 and 
calculated for [3-13+OTf]+, [C103H126F3N2O15S7]+, m/z 1911.7150; found m/z 1911.7155. 
IR data (cm-1): 3062, 2957, 2929, 2872, 1717, 1638, 1610, 1580, 1517, 1503, 1456, 1414, 
1378, 1344, 1263, 1223, 1201, 1177, 1153, 1098, 1054, 1029, 954, 893, 818, 755, 732, 
701, 685, 637, 572, 517.  
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Table 3.27: 1H NMR data for 3-13 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.42 s 4 - 
b 9.01 d 4 3Jbc = 7.0 
c 7.92 d 4 3Jcb = 7.0 
f 8.00 d 4 3Jfg = 8.5 
g 7.48 d 4 3Jgf = 8.5 
i 5.43 s 4 - 
l 7.65 d of d 4 - 
m 7.65 d of d 4 -  
o 4.22 s 4 - 
q 6.96 s 4 - 
s 6.85 s 2 - 
t 2.23 s 12 - 
1 3.96 s 8 - 
2 3.98 s 8 - 
3 4.01 s 8 - 
5 6.68 s 4 - 
7 3.38 s 8 - 
8 2.32 t 8 3J89 = 7.2 
9  1.45 m 8 - 
10 1.30 m 8 - 
11 0.847 t 12 3J1110 = 7.2 
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Table 3.28: 13C NMR data for 3-13 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 58.56 1 71.60 
b 146.53 2 71.13 
c 124.61 3 68.78 
d 156.38 4 145.14 
e 133.77 5 115.06 
f 129.86 6 130.51 
g 129.61 7 33.42 
h 141.97 8 32.54 
i 66.51 9 32.25 
j 166.64 10 22.61 
k 130.27 11 13.97 
l 130.07   
m 129.17   
n 145.14   
o 38.13   
p 136.02   
q 127.76   
r 139.67   
s 129.01   
t 21.15   
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3.9.19 Coordination of 3-13 to AgOTf 
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Table 3.29: 1H NMR data for [3-13][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.41 s 4 - 
b 9.00 d 4 3Jbc = 7.0 
c 8.02 d 4 3Jcb = 7.0 
f 8.04 d 4 3Jfg = 8.0 
g 7.51 d 4 3Jgf = 8.0 
i 5.46 s 4 - 
l, m 7.70 d of d 8 3J = 25.2, 
8.0 
o 4.25 s 4 - 
q 6.99 s 4 - 
s 6.88 s 2 - 
t 2.25 s 12 - 
1 4.01 s 8 - 
2 4.03 s 8 - 
3 4.09 s 8 - 
5 6.50 s 4 - 
7 3.285 s 8 - 
8 2.59 t 8 3J89 = 7.2 
9  1.54 m 8 - 
10 1.36 m 8 - 
11 0.9015 t 12 3J1110 = 7.2 
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3.9.20 Synthesis of 3-14 
3-3[OTf]2 (0.050 g, 0.0718 mmol), DB24C8 (0.064 g, 0.144 mmol, 2 eq.) and 3-9 (0.108 
g, 0.359 mmol, 5 eq.) were placed in a Schlenk flask and evacuated and backfilled (3x). 
The solids were then dissolved in dry acetonitrile (10 mL) and dichloromethane (1 mL). 
The reaction was stirred at room temperature for a few hours. DCC (0.118 g, 0.574 
mmol, 8 eq.) and a few drops of (nBu)3P were added. The reaction was stirred for 3 days 
at room temperature. The reaction was filtered and solvent removed. The solid was then 
dissolved in CH3CN and filtered through a frit. Solvent was removed and solid was 
stirred in toluene (to remove excess crown). A column was run with a solvent mixture of 
3:2 CH2Cl2 / MeOH. Rotaxane and crown come out first. An attempt to grow crystals 
with CH3CN / isopropyl ether resulted in a yellow oil on the sides of the vial. Solvent was 
pipetted out and the oil was rinsed with isopropyl ether to yield a yellow solid (0.094 g, 
77%). MP: 225 – 227 °C. Elemental Analysis: Calculated for [C88H94S4O18N2F6]: C, 
61.81; H, 5.54; N, 1.64. Found: C, 59.46; H, 5.59; N, 2.19. IR data (cm-1): 2961, 2929, 
2871, 1722, 1641, 1611, 1593, 1505, 1463, 1454, 1261, 1220, 1201, 1175, 1155, 1120, 
1093, 1056, 1030, 1013, 948, 819, 743, 638, 555, 516, 496.  
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Table 3.30: 1H NMR data for 3-14 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.47 s 4 - 
b 9.04 d 4 3Jbc = 7.0 
c 7.93 d 4 3Jcb = 7.0 
d 7.99 d 4 3Jde = 8.5 
e 7.47 d 4 3Jed = 8.5 
f 5.44 s 4 - 
g, h  7.63 d of d 8 3Jgh = 27.5, 
8.2 
i 4.22 s 4 - 
j, k 7.30 d of d 8 3Jjk = 34.2, 
8.8 
l 1.27 s 18 - 
m 3.96 s 8 - 
n 3.97 s 8 - 
o 4.03 s 8 - 
p, q 6.59 d of m 8 - 
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3.9.21 Synthesis of 3-15 
3-3[OTf]2 (0.054 g, 0.0775 mmol), 2-16 (0.145 g, 0.155 mmol, 2 eq.) and 3-9 (0.116 g, 
0.388 mmol, 5 eq.) were placed in a Schlenk flask and evacuated and backfilled (3x). The 
solids were then dissolved in dry acetonitrile (4 mL) and dichloromethane (3 mL). The 
reaction was warmed slightly to dissolve the crown ether and then was allowed to cool. 
DCC (0.127 g, 0.620 mmol, 8 eq.) and a few drops of (nBu)3P were added. The reaction 
was stirred for 3 days at room temperature. After this time, the reaction was filtered and 
the solvent removed. The solid was redissolved in CH3CN and filtered to remove some of 
the excess crown. Solvent was removed and the product was washed with anhydrous 
ethanol. The precipitate was collected. The solid was dissolved in dichloromethane and a 
clean product was precipitated out with diethyl ether to yield a pale yellow solid (0.086 g, 
51%). MP: 212 – 215 °C. HR-MS (ESI): calculated for [3-15]2+, [C114H118N2O12S6]2+, m/z 
949.3499; found m/z 949.3545 and calculated for [3-15+OTf]+, [C115H118F3N2O15S7]+, 
m/z 2047.6524; found m/z 2047.6530. IR data (cm-1): 3062, 2962, 2905, 2871, 1717, 
1638, 1610, 1581, 1517, 1502, 1479, 1461, 1439, 1414, 1266, 1223, 1201, 1152, 1098, 
1030, 954, 893, 864, 818, 735, 691, 637, 573, 552, 517.  
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Table 3.31: 1H NMR data for 3-15 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.36 s 4 - 
b 8.93 d 4 3Jbc = 6.6 
c 7.86 d 4 3Jcb = 6.6 
f 7.97 d 4 3Jfg = 8.5 
g 7.36 d 4 3Jgf = 8.5 
i 5.44 s 4 - 
l 7.71 d of d 4 - 
m 7.71 d of d 4 - 
o 4.17 s 4 - 
q 7.25 – 7.16 m 4 - 
r 7.32 d 4 3Jrq = 8.0 
u 1.25 s 18 - 
1 3.96 s 8 - 
2 3.88 s 8 - 
3 3.88 s 8 - 
5 6.48 s 4 - 
7 3.76 s 8 - 
9 – 11 7.25 – 7.16 m 20 - 
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Table 3.32: 13C NMR data for 3-15 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 31.39 1 71.58 
b 38.58 2 71.02 
c 146.80 3 68.74 
d 126.99 4 146.43 
e 129.29 5 115.25 
f 133.68 6 130.51 
g 35.76 7 35.03 
h 145.09 8 137.32 
i 129.52 9 127.28 
j 130.39 10 129.00 
k 130.28 11 127.28 
l 166.67   
m 66.52   
n 142.14   
o 129.96   
p 129.96   
q 137.32   
r 156.26   
s 124.48   
t 146.80   
u 58.52   
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3.9.22 Coordination of 3-15 to AgOTf 
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Table 3.33: 1H NMR data for [3-15][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.32 s 4 - 
b 8.90 d 4 3Jbc = 7.0 
c 7.91 d 4 3Jcb = 7.0 
f 7.96 d 4 3Jfg = 8.5 
g 7.39 d 4 3Jgf = 8.5 
i 5.44 s 4 - 
l 7.70 s 4 - 
m 7.70 s 4 - 
o 4.20 s 4 - 
q, r 7.25 – 7.32 m 8 - 
u 1.25 s 18 - 
1 3.98 s 8 - 
2 3.88 s (br) 8 - 
3 3.76 s (br) 8 - 
5 6.29 s 4 - 
7 3.71 s 8 - 
9 – 11 7.25 – 7.32 m 20 - 
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3.9.23 Synthesis of 3-16 
3-3[OTf]2 (0.050 g, 0.0775 mmol), 2-17 (0.123 g, 0.155 mmol, 2 eq.) and 3-9 (0.108 g, 
0.388 mmol, 5 eq.) were placed in a Schlenk flask and evacuated and backfilled (3x). The 
solids were then dissolved in dry acetonitrile (4 mL) and dichloromethane (3 mL). The 
reaction was warmed slightly to dissolve the crown ether and then was allowed to cool. 
DCC (0.118 g, 0.620 mmol, 8 eq.) and a few drops of (nBu)3P were added. The reaction 
was stirred for 3 days at room temperature. After this time, the reaction was filtered and 
the solvent removed. The solid was then dissolved in CH3CN and filtered to remove 
some of the excess crown. Solvent was removed. The product was then dissolved in 
dichloromethane and capped thread was precipitated out. After the solvent was removed 
again, the product was dissolved in ethyl acetate and a clean yellow rotaxane was 
precipitated out with hexanes (0.019 g, 13%). MP: 183 – 186 °C. HR-MS (ESI): 
calculated for [3-16]2+, [C106H134N2O12S6]2+, m/z 909.4125; found m/z 909.4131 and 
calculated for [3-16+OTf]+, [C107H134F3N2O15S7]+, m/z 1967.7776; found m/z 1967.7781. 
IR data (cm-1): 3065, 2958, 2930, 2871, 1717, 1638, 1610, 1575, 1517, 1502, 1461, 1414, 
1264, 1224, 1201, 1154, 1098, 1029, 954, 893, 867, 818, 756, 733, 703, 637, 573, 553, 
517.  
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Table 3.34: 1H NMR data for 3-16 in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.42 s 4 - 
b 9.01 d 4 3Jbc = 7.0 
c 7.92 d 4 3Jcb = 7.0 
f 8.00 d 4 3Jfg = 8.5 
g 7.48 d 4 3Jgf = 8.5 
i 5.43 s 4 - 
l, m 7.64 d of d 8 - 
o 4.22 s 4 - 
q, r 7.30 d of d 8 - 
u 1.27 s 18 - 
1 3.98 s 8 - 
2 4.01 s (br) 8 - 
3 3.96 s (br) 8 - 
5 6.57 s 4 - 
7 3.38 s 8 - 
8 2.32 t 8 3J89 = 7.2 
9 1.45 m 8 - 
10 1.31 m 8 - 
11 0.863 t 12 3J1110 = 7.2 
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Table 3.35: 13C NMR data for 3-16 in CD3CN at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 31.39 1 71.60 
b 38.61 2 71.13 
c 146.53 3 68.79 
d 126.99 4 145.18 
e 129.17 5 115.06 
f 133.03 6 130.54 
g 35.03 7 33.43 
h 145.18 8 32.56 
i 129.60 9 32.26 
j 130.40 10 22.61 
k 130.29 11 13.97 
l 166.64   
m 66.51   
n 142.00   
o 129.87   
p 130.04   
q 133.76   
r 156.42   
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3.9.24 Coordination of 3-16 to AgOTf 
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Table 3.36: 1H NMR data for [3-16][AgOTf] in CD3CN at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  5.42 s 4 - 
b 9.00 d 4 3Jbc = 7.0 
c 8.10 d 4 3Jcb = 6.5 
f 8.05 d 4 3Jfg = 8.5 
g 7.51 d 4 3Jgf = 8.0 
i 5.47 s 4 - 
l, m  7.71 d of d 8 3J = 58.0, 
8.5 
o 4.26 s 4 - 
q, r 7.30 d of d 8 3J = 30.0, 
8.5 
u 1.28 s 18 - 
1 4.10 s 8 - 
2 4.04 s 8  
3 4.01 s 8  
5 6.51 s 4 - 
7 3.28 s 8 - 
8 2.62 t 8 3J89 = 7.5 
9 1.56 m 8 - 
10 1.37 m 8 - 
11 0.908 t 12 3J1110 = 7.5 
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Chapter 4: Unsymmetrical [2]Rotaxanes for “Needle and 
Thread” Coordination 
4.1 Introduction to Molecular Motion and Unsymmetrical Rotaxanes 
 The relative positioning and motion of the components in pseudorotaxanes and 
rotaxanes can be controlled through processes such as acid-base chemistry to give 
molecular switching properties to the system in which two distinct molecular 
arrangements can be controlled.1 Examples include the threading and unthreading of a 
pseudorotaxane, shuttling of the wheel component in a [2]rotaxane between two 
recognition sites, rotation of the wheel, and flipping of the wheel.2 In the case of 
shuttling, the two distinct molecular arrangements are known as translational isomers and 
are related by the relative positioning of the macrocycle on the axle. In the case of a flip 
switch, there is a single recognition site but the macrocycle interacts with different end 
groups resulting in two positional isomers.  
 An example of a [2]pseudorotaxane that undergoes controlled threading and 
unthreading is the charge transfer shuttle shown in Figure 4.1.3 In the ON state of the 
[2]pseudorotaxane, DB24C8 threads onto the axle due to the favourable interactions 
between the wheel and protonated axle. Upon the addition of a Lewis base, the 
[2]pseudorotaxane switches to the OFF state as the push-pull effect reduces the ability of 
the axle to act as a recognition site for the crown ether. The system can be turned back on 
with the addition of an acid and the process repeated. 
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Figure 4.1: Threading and dethreading process of a [2]pseudorotaxane initiated by 
alternating acid and base.3 
 In the [2]rotaxane shown in Figure 4.2, shuttling occurs for the neutral 
[2]rotaxane (left) between the two benzimidazole sites.4 There are no significant driving 
forces for π-stacking at the ends of the axle and shuttling between the sites occurs rapidly 
due to the low energy barrier. When the [2]rotaxane is monoprotonated, there is the 
potential for competition between the two recognition sites (neutral and charged). 
However, the crown ether prefers the protonated side of the axle due to the favourable 
non-covalent interactions and the system no longer displays shuttling motion in solution 
as observed in 1H NMR experiments.  
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Figure 4.2: Shuttling occurs for the neutral [2]rotaxane. Upon monoprotonation of the 
[2]rotaxane, the macrocycle clamps around the end of the axle and shuttling between the 
two sites no longer occurs.4  
 In order for mechanically interlocked molecules to be transformed into molecular 
switches, two distinct molecular arrangements need to be present.1 This allows the system 
to have a preferred state and upon the introduction of an external stimulus, motion will 
occur as the current state becomes less favourable.  
 In this chapter, we designed a [2]pseudorotaxane which has the potential to switch 
to a [1]rotaxane upon the addition of a metal centre as shown in Figure 4.3. The 
[2]pseudorotaxane is in equilibrium with the individual components and the addition of 
the metal center should shift the equilibrium in favour of the products as a [1]rotaxane is 
formed with the metal coordination acting as a stopper; we coined the term “needle and 
thread” to describe this relatively unique coordination environment. The axle will act as a 
‘thread’ and have to thread through the macrocycle or ‘needle’ in order to coordinate to 
the metal center as depicted in the cartoon in Figure 4.3 (a). We will also explore the 
molecular switching of a [2]rotaxane similar to the example in Figure 4.2. The 
coordination of this [2]rotaxane with AgI has the potential to also form a [1]rotaxane as a 
single metal center coordinates to both the axle and wheel.  
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Figure 4.3: (a) Cartoon representation of target molecular switch that, upon the addition 
of a metal center, switches from a [2]pseudorotaxane to a [1]rotaxane. The two target 
systems with a (b) bispyridinium and (c) benzimidazole recognition site.  
 4.2 Design and Proposed Route for Formation 
 A two-donor wheel was first synthesized (Scheme 4.1) by adding pendant groups 
to a catechol followed by a ring closure reaction as described in the literature.5 The 
tetrabromomethyl derivative was synthesized by dissolving the crown ether with 
paraformaldehyde in a 33% HBr in acetic acid solution. Addition of the thioether 
a) 
b) c) 
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substituents resulted in compounds 4-4 and 4-5 when the desired thiol and sodium metal 
were refluxed in dry methanol.  
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Scheme 4.1: Synthetic route for the two-donor thioether crown ethers. 
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 The unsymmetrical axle chosen for these studies contained a 3,5-lutidine stopper 
on one end of the axle and R-OH on the other end. The synthesis of the axle 4-7 is 
outlined in Scheme 4.2. The thioether crown ether was added to the thread to form a 
pseudorotaxane followed by the addition of the stopper 3-7. Unfortunately, the reaction 
did not proceed as desired; very little product was formed and excess crown remained. 
Since this was the case, we decided that complexation studies of this axle with various 
crown ethers should first be studied.  
N
O
O
O
O
2 BF4
2 BF4
O
O
O
O
S
R
S
R
N
O
N
N
HO
OHO
S
(RSCH2)2B24C8
[4-4]  R = Ph
[4-5]  R = nBu
[3-7]
[3-2]
N
HO
N
Br
BF4
[4-6]  (57%)
[4-7]  (15%)
N
Br2Et
EtOH
reflux, 24 h
CH3CN
reflux, 3 d
O
S
 
Scheme 4.2: Synthetic route for the [2]rotaxane with an unsymmetrical axle. 
 The results of the 1H NMR experiments involving the axle 4-7 with various crown 
ethers are summarized in Figure 4.4 and Table 4.1. The equilibrium constants at room 
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temperature and a concentration of 2.0 mM were calculated for each crown ether using 
the equation Ka = [complexed] / [uncomplexed]2. The Ka data for the tetra-thioether 
crown ethers are low but when the bis-thioether crown ethers are used, the Ka drops even 
further. This is not surprising though since it was previously reported that for a 1,2-
bis(4,4'-dipyridyl)ethane axle, the Ka decreases from 930 M-1 for DB24B8 to 300 M-1 for 
24C8.6 Since this is the case, this axle is not a good candidate for the crown ethers we are 
interested in. Recent research in the Loeb group has included the development of a new 
benzimidazolium recognition site which shows a much higher association with DB24C8.7 
We therefore decided to modify our strategy and utilize this system for exploration of 
“needle and thread” coordination; see next section.  
 
Figure 4.4: 1H NMR spectra in CD3CN of the complexation of axle 4-7 to various crown 
ethers (500 MHz, 300 K).  
4.55.05.56.06.57.07.58.08.59.09.5
[4-7]⊂[4-5]
[4-7]⊂[4-4]
[4-7]⊂[4-2]
[4-7]⊂[2-17]
[4-7]⊂[2-16]
4-7
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Table 4.1: Summary of the equilibrium constants for the axle 4-7 with the listed crown 
ethers in CD3CN.  
Crown Ether Ka (M-1) a 
2-16 [(PhSCH2)4DB24C8] 5.0 x 102 
2-17 [(nBuSCH2)4DB24C8] 6.0 x 102 
4-2 [B24C8] 6.1 x 101 
4-4 [(PhSCH2)2B24C8] 1.5 x 102 
4-5 [(nBuSCH2)2B24C8] 8.6 x 101 
a Errors are estimated to be approximately 10% for association constants calculated. 
4.3 Synthesis of Pseudorotaxanes with a Benzimidazole Recognition Site 
 The synthesis for the aldehyde substituted benzimidazole axle 4-11 is outlined in 
Scheme 4.3. Compounds 4-8, 4-9 and 4-10 have been reported in the literature.8,9 The 
first step involves the addition of bromine groups followed by a Suzuki coupling with 
phenyl boronic acid. It is at this step that different boronic acids can be utilized to add on 
various substituents which will affect the binding constants of a macrocycle by making 
the recognition site more electron rich or electron poor. The next step involved sulphur 
extrusion to synthesize the diamine 4-10. A terminal aldehyde functional group was 
condensed with the diamine to yield the desired axle 4-11.  
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EtOH / THF
reflux, 3 h
O
O
1) 10% ZrCl4
    CHCl3
    rt, 24 h
[4-8]  (97%)
[4-9]  (65%)
[4-10]  (98%)
[4-11]  (16%)
BF4
2) Et2O
    HBF4
Scheme 4.3: Synthetic route for the aldehyde substituted benzimidazole axle 4-11.  
 With this newer recognition site, the next step was to synthesis an unsymmetrical 
axle. The aldehyde was reduced to an alcohol by treatment with NaBH4 so that the same 
capping agents containing a sulphur atom from the previous studies in Chapter 3 could be 
utilized.  
NaBH4
THF / EtOH
0o C - rt, 24 h
H
N
N
OH
[4-12]  (73%)
H
N
N
O
[4-11]
 
Scheme 4.4: Synthetic route for the alcohol substituted benzimidazole axle 4-12.  
 The axle synthesis is outlined in Scheme 4.5 with a benzimidazole recognition 
site, a T-shaped stopper on one end and phenyl group on the other which is small enough 
for the crown to slip on and off.  
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Scheme 4.5: Synthetic route for the axle 4-15.  
 The axle was protonated with HBF4 and a [2]pseudorotaxane was formed upon 
the addition of the crown ether 4-5 in CD3CN (Scheme 4.6).  
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Scheme 4.6: Synthetic route for the [2]pseudorotaxane. 
 The 1H NMR spectra in Figure 4.5 show both the free thioether crown ether 4-5 
(c) and axle 4-15 (a) and the resulting equilibrium between the [2]pseudorotaxane and the 
individual components upon addition (b). The equilibrium constant at room temperature 
and a concentration of 2.0 mM was calculated to be 1.5 x 103 M-1.  
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Figure 4.5: 1H NMR spectra in CD3CN of (a) free axle 4-15, (b) [2]pseudorotaxane 
[4-15]⊂[4-5] and (c) free thioether crown ether 4-5 (500 MHz, 300 K). 
 Both the neutral and protonated [2]pseudorotaxanes with three sulphur donor 
atoms were mixed with AgOTf to observe the resulting coordination complex. In both 
cases, a downfield chemical shift was observed for the aromatic protons of the thioether 
crown ether. In the neutral species, no pseudorotaxane is observed as evidenced by the 
lack of aromatic protons at approximately 6.5 ppm. The coordination of the crown ether 
to the AgI metal center causes a 0.03 ppm shift downfield. In the protonated case, an 
equilibrium is observed between the complexed and uncomplexed components. With the 
addition of the AgI metal center, coordination is observed for both the pseudorotaxane 
and the free crown ether as a change in the chemical shift is observed. For the aromatic 
protons of the uncomplexed system, a shift downfield of 0.04 ppm occurs while for the 
complexed system a shift upfield by 0.02 ppm is observed. More importantly, the 
equilibrium of the system shifts as well in favour of the free components. The 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
a) 
b) 
c) 
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equilibrium constant decreases from 1.3 x 103 M-1 to 4.2 x 101 M-1. Coordination of the 
crown ether to the AgI center is either causing the crown to unthread from the axle or the 
same AgI is coordinated to the sulphur on the axle as well causing the crown ether to 
shuttle away from the recognition site.  
 
Figure 4.6: 1H NMR spectra in CD3CN of neutral [2]pseudorotaxane ligand [4-15]⊂[4-5] 
(bottom) and coordinated to AgI (top) (500 MHz, 300 K). 
 
Figure 4.7: 1H NMR spectra in CD3CN of protonated [2]pseudorotaxane ligand 
[4-15]⊂[4-5] (bottom) and coordinated to AgI (top) (500 MHz, 300 K). 
 The most likely scenario for the pseudorotaxane is outlined in Figure 4.8. When 
the thioether crown ether and axle are first mixed together they form a [2]pseudorotaxane 
which is in equilibrium with the individual components (left). Upon the addition of 
AgOTf, coordination to sulphur occurs. The axle has one sulphur atom which can 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
Ag
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
Ag
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coordinate to AgI which then can have any number of options to complete the 
coordination sites such as a second axle, OTf-, solvent or any combination of these. The 
crown ether has two sulphur atoms which chelate to the AgI metal center. From previous 
studies, it is known that two crown ethers will coordinate to one AgI atom in a tetrahedral 
fashion. The [2]pseudorotaxane has a few options for coordination. One scenario is that 
the crown ether of the pseudorotaxane is chelated to a AgI metal center which has a total 
of two crown ether coordinated to the metal. This would bring two different 
pseudorotaxanes together to form a [3]rotaxane with the two macrocycles joined by the 
AgI metal. It is also possible that the sulphur on the axle is coordinated to another silver 
ion. Another possibility is shown in Figure 4.8 in which the AgI metal center coordinates 
to both the sulphur atoms of the crown ether and the sulphur atom of the axle joining the 
two components. This is the most likely scenario since a small discrete molecule is 
formed as a result.  
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Figure 4.8: Some of the possible compounds for the [2]pseudorotaxane solution upon the 
addition of AgOTf.  
 Variable temperature (VT) 1H NMR experiments were performed to observe the 
complexation of the pseudorotaxane and metal coordination at lower temperatures. The 
  181 
 
results of the 1H NMR experiments at various temperatures are summarized in Figure 4.9 
and Table 4.2. The equilibrium constants were calculated for a concentration of 2.0 mM. 
As the temperature decreases, the Ka increases as pseudorotaxane formation becomes 
more favourable. At a temperature of 268 K, the Ka starts to decrease as the interactions 
between the macrocycle and axle are no longer as favourable. This is due to the presence 
of the AgI ions which introduces competition between metal coordination and the 
recognition site.  
 
Figure 4.9: Variable temperature 1H NMR spectra in CD3CN of the [2]pseudorotaxane 
ligand [4-15]⊂[4-5] coordinated to AgI (500 MHz, 300 K).  
 
 
 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.013.5
298 K
288 K
278 K
268 K
258 K
250 K
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Table 4.2: Summary of the equilibrium constants for the [2]pseudorotaxane ligand 
[4-15]⊂[4-5] coordinated to AgI in CD3CN at various temperatures.  
Temperature (K) Ka x 102 (M-1) a 
250 6.3 
258 6.3 
268 7.3 
278 7.4 
288 6.4 
298 4.6 
a Errors are estimated to be approximately 10% for association constants calculated. 
4.4 Synthesis of a [2]Rotaxane with a Benzimidazole Recognition Site 
 Another study that was of interest was the possibility to utilize a single AgI metal 
center to coordinate to both the sulphur atoms of a crown ether and nitrogen atom of the 
axle in a [2]rotaxane. To prepare the [2]rotaxane, a pseudorotaxane was formed with the 
thioether crown ether 4-5 and the aldehyde substituted benzimidazole axle. The aldehyde 
was condensed with 1 equivalent of the diamine 4-10 and then oxidized in the presence 
of a catalytic amount of ZrCl4 to yield the protonated [2]rotaxane 4-16. The [2]rotaxane 
was neutralized with Et3N to yield the neutral rotaxane pictured in Scheme 4.7.  
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Scheme 4.7: Synthetic route for the [2]rotaxane 4-16 with the benzimidazole recognition 
site and the unsymmetrical two donor thioether crown ether.  
 This unsymmetrical [2]rotaxane undergoes motion depending on the charge of the 
system. Upon the addition of the acid HBF4, the wheel component interacts with the 
electron poor axle and forms a C-shape conformation. This allows for additional 
π-stacking interactions as the macrocycle clamps around the benzimidazolium ring. Upon 
the addition of Et3N, the [2]rotaxane is neutralized and a change in the conformation of 
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the macrocycle occurs as the previous interactions are no longer as favourable. This 
conformational change has been previously observed through crystallography by Zhu; see 
Figure 4.10.4 The aromatic protons on the thioether crown ether appear at a chemical shift 
of 6.64 ppm for the neutral species and 6.22 ppm for the diprotonated species. The 1H-
NMR spectra of both the diprotonated and neutral [2]rotaxane are depicted in Figure 
4.11. In the neutral species, shuttling of the crown ether occurs fast on the NMR 
timescale while in the diprotonated species the shuttling rate is slow on the NMR 
timescale.   
 
Figure 4.10: Crystal structures of a (a) protonated and (b) neutral [2]rotaxane with a 
benzimidazole recognition site and DB24C8. Colour key: red = oxygen; blue = nitrogen; 
green = fluoride; black = carbon. Hydrogen atoms omitted for clarity.4 
a) b) 
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Figure 4.11: 1H NMR spectra in CDCl3 of the diprotonated (top) and neutral (bottom) 
[2]rotaxane 4-16 (500 MHz, 300 K).  
 AgOTf was added to a sample of the neutral [2]rotaxane 4-16 to observe the 
coordination that would occur. It was expected that the AgI metal center might coordinate 
to both the sulphur atoms of the wheel component and the nitrogen of the neutral axle, 
forming a [1]rotaxane in the process. The 1H NMR spectra of the [2]rotaxane 4-16 and 
the resulting coordination to AgI is shown in Figure 4.12. Unfortunately, an undesirable 
side-reaction occurs as upon the addition of AgOTf, the [2]rotaxane becomes protonated 
as observed by the chemical shift from 11.29 to 12.91 ppm for the –NH group. The peaks 
in the spectrum also become broad which is possibly due to a oligimerization of the 
[2]rotaxanes as coordination occurs to the AgI metal center involving the sulphur and 
nitrogen atoms from separate rotaxanes.  
6.06.57.07.58.08.59.09.510.010.511.011.512.012.513.013.5
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Figure 4.12: 1H NMR spectra in CD3CN of the neutral [2]rotaxane 4-16 (bottom) and 
upon coordination to AgOTf (top) (500 MHz, 300 K).  
4.5 Discussion and Conclusions 
 The synthesis of an unsymmetrical [2]pseudorotaxane has been described. At 
first, the bispyridinium recognition site with a 3,5-lutidine stopper on one end of the axle 
was studied. This axle yielded poor results for the rotaxane formation due to a low 
complexation ability. This lead to a change in the recognition site to benzimidazolium 
which has been demonstrated to have a much higher association constant with DB24C8. 
The same increase in the association constant was observed for the thioether crown ethers 
that were of interest. A [2]pseudorotaxane was synthesized with a benzimidazolium 
recognition site and a thioether crown ether. Threading and unthreading of this system 
can be controlled though the addition of acid or base to thread and unthread the 
[2]pseudorotaxane. 
 Coordination of the [2]pseudorotaxane to a AgI metal center was studied through 
1H NMR spectroscopy. A variable temperature 1H NMR experiment showed that as 
temperature decreases, the association constant starts to increase shifting the equilibrium 
in favour of pseudorotaxane formation. Eventually pseudorotaxane formation becomes 
less favourable again as coordination to the AgI center causes the crown ether to move 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
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away from the recognition site and no longer π-stack with the axle. The most likely 
explanation for these observations is the formation of the designed discrete “needle and 
thread” complex of AgI as shown in the bottom right of Figure 4.8. However, in the 
absence of more concrete evidence, such as an X-ray crystal structure, this conclusion 
remains speculation.  
 In the case of a [2]rotaxane with two benzimidazole recognition sites, 
coordination to a AgI metal center results in protonation of the neutral [2]rotaxane and as 
such no real investigation of the influence of AgI coordination could be observed.  
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4.6 Experimental  
 
4.6.1 General Comments 
 All reagents and starting materials were purchased from Aldrich Chemicals or 
TCI America and used without further purification. Compounds 4-15, 4-25, 4-88, 4-98 and 
4-109 have been previously reported in the literature. Compound 4-11 was prepared 
following literature proceduces.7 Deuterated solvents were obtained from Cambridge 
Isotope Laboratories and Aldrich Chemicals and used as received. Solvents were dried 
using an Innovative Technologies Solvent Purification system. Thin layer 
chromatography (TLC) was performed using aluminum-backed TLC plates from 
Silicycle. Column chromatography was performed using Teledyne Ultra-Pure Silica Gel 
on a Teledyne Isco CombiFlash-Rf instrument. 1H NMR spectra were recorded on a 
Bruker Avance 500 spectrometer operating at 500.13 MHz. 13C NMR experiments were 
recorded on an Ultrashield Bruker Avance 300 spectrometer operating at 75.47 MHz.  
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4.6.2 Synthesis of 4-1 (literature procedure)5 
Catechol (5.00 g, 45.4 mmol), 2-(2-chloroethoxy)ethanol (17.0 g, 0.136 mol, 14.44 mL, 3 
eq.), and K2CO3 (37.66 g, 0.272 mol, 6 eq.) were dissolved in CH3CN (500 mL). The 
solution was refluxed for 7 days. The solvent was removed on a rotary evaporator. The 
resulting oil was then dissolved in CHCl3 and washed with water (3x). The chloroform 
layer was dried with anhydrous magnesium sulphate (MgSO4) and then filtered. The 
solvent was then removed and the resulting oil was stirred in diethyl ether to extract clean 
product (7.68 g, 59%).  
O
O
OH
OH
O
Oa
b
c
d e
f
g
 
Table 4.3: 1H NMR data for 4-1 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a, b 6.92 – 6.88 m 4 - 
c 4.16 t 4 3Jcd = 4.2 
d 3.90 t 4 3Jdc = 4.2  
e 3.66 t 4 3Jef = 3.8  
f, g 3.73 t 6 - 
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4.6.3 Synthesis of 4-2 (literature procedure)5 
NaH (7.833 g, 0.326 mol) was dissolved in dry THF (1200 mL) and refluxed under N2. In 
two separate syringes, 4-1 (11.681 g, 40.8 mmol) and triethylene glycol 
di(p-toluenesulfonate) (15.113 g, 40.8 mmol) were added via a syringe pump over 5 days 
at a rate of 8.33 μL/min. Each compound was in 60 mL of THF. After addition, the 
reaction was left to reflux for three additional days. The reaction was then cooled and 
neutralized with drop-wise addition of water. The THF was then removed on a rotary 
evaporator. The product was then dissolved in CH2Cl2 and the insoluble NaH was filtered 
off. The organic layer was washed with water (3x) to remove any salts and then dried 
with MgSO4. The CH2Cl2 was then removed and the resulting oil stirred in hexanes. Due 
to the oil being very sticky, a second hexanes wash was done with CH3CN (10 mL) and 
hexanes (10 mL) to yield the desired product (4.731 g, 29%).  
O
O O
O
O
OO
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d
e f g
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Table 4.4: 1H NMR data for 4-2 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a, b 6.90 s 4 - 
c 4.16 t 4 3Jcd = 4.3 
d 3.91 t 4 3Jdc = 4.4 
e 3.79 t 4 3Jef = 4.5 
f 3.71 t 4 3Jfe = 4.4 
g-i 3.68-3.63 m 12 - 
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4.6.4 Synthesis of 4-3 
4-2 (1.724 g, 4.31 mmol) and paraformaldehyde (0.646 g, 21.55 mmol, 5 eq.) were 
placed in a Schlenk flask and dissolved in 33 % wt. HBr in acetic acid (6.8 mL, 9 eq.). 
The reaction was stirred until the solids were dissolved. After this time, the reaction was 
left for 3 days at the back of the fumehood to just sit (without stirring). After this time, 
the reaction was poured over water and the product extracted with CHCl3. The product 
was washed with H2O (3x) and then a 1 M NaHCO3 solution (3x), followed by H2O (3x). 
Solvent was removed and the residue washed with Et2O to yield a beige solid (1.056 g, 
42%). MP: 75 – 77 °C.  
O
O O
O
O
OO
O
Br
Br a
b
c
de
f
g
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Table 4.5: 1H NMR data for 4-3 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a-c 3.67-3.65 m 12 - 
d 3.70 t 4 3Jfe = 4.5 
e 3.78 t 4 3Jef = 4.4 
f 3.90 t 4 3Jdc = 4.2 
g 4.17 t 4 3Jcd = 4.2 
h 6.91 s 2 -  
i 4.60 s 4 - 
 
 
 
 
  192 
 
Table 4.6: 13C NMR data for 4-3 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 71.28 
b, c 70.99 
d 70.93 
e 70.81 
f 69.74 
g 69.56 
h 116.58 
i 30.60 
j 149.42 
k 129.61 
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4.6.5 Synthesis of 4-4 
Na metal (0.019 g, 0.832 mmol) was dissolved in anhydrous methanol (25 mL) in a 
Schlenk flask. Thiophenol (0.092 g, 0.832 mmol, 0.0851 mL) was added and the reaction 
was stirred at room temperature for 2 hours. After this time, 4-3 (0.244 g, 0.4160 mmol) 
was added and the reaction was refluxed overnight. The solvent was removed on the 
vacuum pump. The product was extracted with chloroform and the solid NaBr was 
filtered off. The solvent was then removed on a rotary evaporator. The product was 
washed multiple times with Et2O to yield a brown solid (0.134 g, 50%). MP: 50 – 52 °C.  
O
O O
O
O
OO
O
S
S
a
b
c
d e
f
g
h i
j
k
l
m n o
 
Table 4.7: 1H NMR data for 4-4 in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.55 d 4 3Jaa = 2.0 
b-d 3.54 – 3.60 m 12 - 
e 3.64 t 4 3Jde = 4.5 
f 4.02 t 4 3Jfg = 4.5 
g 4.20 s 4 - 
h 6.82 s 2 - 
i 3.59 s 4 - 
j 7.34 d 4 3Jjk = 7.0 
k 7.29 t 4 3J = 7.5 
l 7.23 t 2 3Jlk = 7.0 
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Table 4.8: 1H NMR data for 4-4 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a-d 3.64 – 3.71 m 16 - 
e 3.81 s 4 - 
f 4.05 s 4 - 
g 4.12 s 4 - 
h 6.70 s 2 - 
i 3.68 s 4 - 
j-l 7.19 – 7.32 m 10 - 
 
Table 4.9: 1H NMR data for 4-4 in CD2Cl2 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.55 d 4 3Jaa = 2.0 
b 3.54 – 3.60 m 12 - 
c 3.64 t 4 3Jcb = 4.5 
d 4.02 t 4 3Jde = 4.5 
e 4.20 s 4 - 
f 6.82 s 2 - 
g 3.59 s 4 - 
h 7.34 d 4 3Jhi = 7.0 
i 7.29 t 4 3J = 7.5 
j 7.23 t 2 3J = 7.0 
k 3.55 d 4 3Jkl = 2.0 
l 3.54 – 3.60 m 12 - 
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Table 4.10: 13C NMR data for 4-4 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 70.52 
b - f 69.72 
g 68.90 
h 116.99 
i 36.41 
j 128.90 
k, n 130.67 
l 126.74 
m 147.42 
o 135.85 
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4.6.6 Synthesis of 4-5 
Na metal (0.040 g, 1.740 mmol) was dissolved in anhydrous methanol (50 mL) in a 
Schlenk flask. Butanethiol (0.157 g, 1.741 mmol, 0.186 mL) was added and the reaction 
was stirred at room temperature for 3 hours. After this time, 4-3 (0.510 g, 0.870 mmol) 
was added and the reaction was refluxed overnight. The solvent was removed on the 
pump. The product was extracted with chloroform and the solid NaBr was filtered off. 
The solvent was then removed on the rotary evaporator. The resulting oil was dissolved 
in hexanes and heated. The solution was allowed to cool and the resulting white solid was 
collected (0.236 g, 45%). MP: 47 – 48 °C.  
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Table 4.11: 1H NMR data for 4-5 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.66 s 4 - 
b-d 3.64 – 3.72  m 12 - 
e 3.78 t 4 - 
f 3.89 t 4 3J = 4.5 
g 4.15 t  4 3J = 4.5 
h 6.81 s 2 - 
i 3.78 s 4 - 
j 2.47 t 4 3J = 7.5 
k 1.57 p 4 - 
l 1.39 6 4 - 
m 0.898 t 6 3J = 7.5 
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Table 4.12: 1H NMR data for 4-5 in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.55 s 4 - 
b, c 3.56  s 8 - 
d 3.59 m 4 - 
e 3.64 m 4 - 
f 3.78 t 4 3J = 4.0 
g 4.10 t  4 3J = 4.5 
h 6.87 s 2 - 
i 3.80 s 4 - 
j 2.48 t 4 3J = 7.3 
k 1.55 p 4 - 
l 1.38 6 4 - 
m 0.891 t 6 3J = 7.3 
 
Table 4.13: 13C NMR data for 4-5 in CDCl3 at 75 MHz. 
Carbon δ (ppm) 
a 71.82 
b 71.25 
c 71.05 
d 70.96 
e 70.88 
f 69.97 
g 69.62 
h 115.53 
i 38.99 
j 31.80 
k 31.43 
l 22.18 
m 13.81 
n 148.36 
o 129.70 
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4.6.7 Coordination of 4-5 to AgOTf  
O
O O
O
O
OO
O
S
S
a
b
c
d e
f
g
h i j
k l m
n o
 
Table 4.14: 1H NMR data for [4-5][AgOTf] in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 3.54 s 4 - 
b, c 3.55 s 8 - 
d 3.58 m 4 - 
e 3.64 m 4 - 
f 3.79 t 4 3J = 4.3 
g 4.13 t  4 3J = 4.3 
h 6.84 s 2 - 
i 3.91 s 4 - 
j 2.78 t 4 3J = 7.8 
k 1.66 p 4 - 
l 1.44 6 4 - 
m 0.951 t 6 3J = 7.5 
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4.6.8 Synthesis of 4-6 
3,5-lutidine (1.0616 g, 9.906 mmol, 1 mL) was dissolved in EtOH (30 mL) and an excess 
of 1,2-dibromoethane (8 mL) was added. The solution was refluxed overnight. The 
solvent was removed on a rotary evaporator. The solid was dissolved in CHCl3 and the 
product was then extracted with H2O. Some of the solvent was removed until 
approximately 10 mL remained. Nitromethane was added and the product was anion 
exchanged to a [BF4]- salt. The solution was stirred overnight and the nitromethane layer 
was collected and washed with H2O. Solvent was removed and the resulting solid was 
stirred in ethyl acetate. The clean product was collected by filtration (1.704 g, 57%).  
Br
N
BF4
a
b
c
d
e
 
Table 4.15: 1H NMR data for [4-6][BF4] in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 1.56 s 6 - 
b 8.04 s 1 - 
c 8.53 s 2 - 
d 3.92 t 2 3Jde = 5.5 
e 4.99 t 2 3Jed = 5.5 
 
Table 4.16: 1H NMR data for [4-6][BF4] in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 2.49 s 6 - 
b 8.21 s 1 - 
c 8.39 s 2 - 
d 3.91 t 2 3Jde = 6.0 
e 4.79 t 2 3Jed = 6.0 
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4.6.9 Synthesis of 4-7 
4-6 (0.852 g, 2.82 mmol) and 3-2 (0.523 g, 2.82 mmol) were dissolved in CH3CN and 
refluxed for 3 days. After this time, the reaction was filtered hot to collect the precipitate. 
The solid was dissolved in water and NaBF4 was added. Nitromethane was added to 
extract the anion exchanged product. Solvent was removed to yield [4-7][BF4]2 (0.204 g, 
16%).  
N
N
2 BF4
HO
a
b
c
d
e
fghi
j
k
 
Table 4.17: 1H NMR data for [4-7][Br]2 in D2O at 500 MHz.   
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 2.38 s 6 - 
b 8.25 s 1 - 
c 8.40 s 2 - 
d 5.18 d 2 3Jde = 4.5  
e 5.15 d 2 3Jed = 4.5 
f 8.62 d 2 3Jfg = 5.5 
g 8.30 d 2 3Jgf = 5.0 
h 7.90 d 2 3Jhi = 6.5 
i 7.56 d 2 3Jih = 7.5 
j Under H2O peak s 2 - 
k Under H2O peak s 1 - 
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Table 4.18: 1H NMR data for [4-7][BF4]2 in CD3CN at 300 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 2.46 s 6 - 
b 8.24 s 1 - 
c 8.38 s 2 - 
d 5.05 d 2 3Jde = 5.1  
e 5.01 d 2 3Jed = 4.8  
f 8.60 d 2 3Jfg = 6.9  
g 8.30 d 2 3Jgf = 7.2  
h 7.93 d 2 3Jhi = 8.4  
i 7.61 d 2 3Jih = 8.7  
j 4.70 d 2 3Jjk = 5.1  
k 3.45 t 1 3Jkj = 5.7  
 
  
  202 
 
4.6.10 Synthesis of a [2]Rotaxane  
[4-7][BF4]2 (0.049 g, 0.0992 mmol) and 4-5 (0.120 g, 0.198 mmol, 2 eq.) were placed in 
a Schlenk flask and evacuated and backfilled (3x). The solids were then dissolved in dry 
acetonitrile (4 mL) and the reaction was warmed slightly to dissolve the crown ether and 
was then allowed to cool. Dichloromethane (2 mL) was then added. 3-7 (0.135 g, 0.496 
mmol, 5 eq.), DCC (0.164 g, 0.795 mmol, 8 eq.) and a few drops of nBu3P were added 
and the reaction was stirred for 3 days at room temperature under N2. The reaction was 
checked by 1H NMR spectroscopy but did not appear to proceed as desired. Very little 
[2]rotaxane was formed and the majority of the product was capped thread.  
N
O
O O
O
O
OO
O
S
SN
O
2 BF4
O
S
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4.6.11 Synthesis of 4-8 (literature procedure)8 
2,1,3-Benzothiadiazole (10.0 g, 73.4 mmol) was dissolved in 47% HBr in acetic acid 
(150 mL). Bromine (35.2 g, 11.3 mL, 0.220 mol, 3 eq.) was separately dissolved in 47% 
HBr in acetic acid solution (100 mL) and slowly added via a dropping funnel to the 
reaction flask. The reflux condenser was stoppered with a hoses and funnel which was 
sitting in a Na2S2O3 solution so that the vapours would be neutralized throughout the 
reaction. The reaction was then refluxed overnight. After this time, the reaction was then 
neutralized with a Na2S2O3 water solution which was added slowly. The solution turned 
yellow in colour. The reaction was then filtered and the solids were washed with H2O 
(x2) then cold Et2O to yield a yellow solid (21.0 g, 97%).  
Br
Br
N
N
S
a
 
Table 4.19: 1H NMR data for 4-8 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.73 s 2 - 
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4.6.12 Synthesis of 4-9 (literature procedure)8 
4-8 (4.010 g, 13.64 mmol), phenyl boronic acid (4.158 g, 34.10 mmol, 2.5 eq.) and 
Cs2CO3 (13.331 g, 40.92 mmol, 3 eq.) were placed in a Schlenk flask. The flask was 
evacuated and backfilled three times. Dry and degassed DMF (80 mL) and THF (80 mL) 
were added. Pd(Ph3P)4 (0.788 g, 0.68 mmol, 5%) was added and the reaction refluxed 
overnight. The solution was then cooled and the solids filtered off through celite and 
rinsed with CHCl3. Solvent was removed on a rotary evaporator. The resulting solid was 
dissolved in chloroform and washed with water three times. The organic layer was dried 
with MgSO4 and the solvent was removed. The solids were crystallized from methanol to 
yield a bright yellow solid (2.682 g, 68%).  
N
N
S
a
b
c
d
 
Table 4.20: 1H NMR data for 4-9 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.80 s 2 - 
b 7.97 d 2 3Jbc = 7.0 
c 7.56 t 4 3J = 7.5 
d 7.47 t 4 3Jdc = 7.5 
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4.6.13 Synthesis of 4-10 (literature procedure)9 
4-9 (0.999 g, 3.46 mmol) was placed in a Schlenk flask. The flask was evacuated and 
backfilled three times. Anhydrous EtOH (150 mL) and THF (50 mL) were added. NaBH4 
(1.179 g, 31.179 mmol, 9 eq.) was added to the solution slowly. A catalytic amount of 
CoCl2 ◦ 6H20 (0.025 g, 0.105 mmol, 3%) was added and the reaction refluxed for 3 hours. 
At the one hour mark and two, more CoCl2 ◦ 6H2O (0.025 g and 0.023 g) was added to 
push the reaction further. The solution turned from green to clear with black solids and 
the fluorescence of the solution turned from blue to purple. Upon completion, the 
reaction was cooled and filtered. The solvent was removed on a rotary evaporator and the 
resulting solids were dissolved in Et2O and H2O. The aqueous layer was washed with 
Et2O (50 mL x2) to extract the product. All the Et2O washing were combined and then 
dried with MgSO4. The solvent was removed to yield a yellow solid (m = 0.884 g, 98%). 
The solid was stored under nitrogen until the next reaction.  
NH2
NH2
a
b
c
d
e
 
Table 4.21: 1H NMR data for 4-10 in CDCl3 at 300 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 6.80 s 2 - 
b, c 7.34 – 7.40 m 8 - 
d 7.44 – 7.51 m 2 - 
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4.6.14 Synthesis of 4-11 
4-10 (0.190 g, 0.730 mmol) and terephthalaldehyde (0.098 g, 0.730 mmol) were 
dissolved in CHCl3 (10 mL). ZrCl4 (0.017 g, 0.073 mmol, 10%) was added and the 
reaction was capped and stirred at room temperature overnight. The reaction was filtered 
and solvent removed on a rotary evaporator. The product was dissolved in hot CH3CN 
and 2eq. of Et3N (0.202 mL) was added. Solvent was removed and the solid was then 
sonicated in Et2O to remove any remaining terephthalaldehyde. The solid was then 
dissolved / suspended in 50 mL Et2O and CHCl3 was added till the product fully 
dissolved. To the solution, 1.1 eq. of HBF4 (0.153 mL) was added and the solution was 
placed in the freezer. Pale yellow solids were collected (0.053 g, 16%). The fluorescence 
changed from pale blue for the neutral compound to green after protonation.  
h
f gH
N
N
H
b
c
d
a
e
O
BF4
 
Table 4.22: 1H NMR data for [4-11][BF4] in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.75 s 2 - 
b 7.74 s 4 - 
c 7.65 t 4 3Jkl = 7.5 
d 7.59 t 2 3Jlk = 7.5 
e 12.46 s (br) 2 - 
f, g 8.20 m 4 - 
h 10.14 s 1 - 
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4.6.15 Synthesis of 4-12 
Neutral 4-11 (0.243 g, 0.647 mmol) was dissolved in THF (25 mL) and 95% EtOH (18 
mL). The reaction was cooled to -5 oC and NaBH4 (0.147 g, 3.883 mmol, 6 eq.) was 
added slowly. The reaction was stirred on ice for 4 hours then left to warm up to room 
temperature overnight. The reaction was neutralized with 1M HCl to a pH of 3. Solvent 
was removed till only H2O and a solid remained. The solid was collected and dissolved 
hot CH3CN and Et3N was added. A beige solid was collected as clean neutral product 
(0.183 g, 73%). MP: 218 – 220 °C.  
N
H
N OH
h
f g
b
c
d
a
e i
 
Table 4.23: 1H NMR data for 4-12 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.40 t 2 - 
b 8.06 d 4 3Jjk = 8.0 
c, d 7.60 – 7.46 m 6 - 
e 9.51 s 1 - 
f 8.18 d 2 3Jcd = 7.0 
g 7.70 d 2 3Jdc = 7.0 
h 4.77 s 2 - 
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4.6.16 Synthesis of 4-13 
Na metal (0.250 g, 10.9 mmol) was dissolved in anhydrous methanol (30 mL). 
Thiophenol (1.198 g, 10.9 mmol, 1.11 mL) was added and the reaction was stirred at 
room temperature for 3 hours. After this time, methyl 4-(bromomethyl)benzoate (2.490 g, 
10.9 mmol) was added and the solution was refluxed overnight under nitrogen. The 
reaction was cooled and solvent removed. The solid was then crystallized from EtOH to 
yield a white solid (2.107 g, 75%). MP: 78 – 80 °C.  
S
O
Oa
b c
d
e
f
g h
i
j k
 
Table 4.24: 1H NMR data for 4-13 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.21 – 7.18 m 1 - 
b, c 7.29– 7.23 m 4 - 
e 4.12 s 2 - 
g 7.94 d 2 3Jgh = 8.5 
h 7.32 d 2 3Jhg = 8.5 
k 3.90 s 3 - 
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Table 4.25: 13C NMR data for 4-13 in CDCl3 at 125 MHz.  
Carbon δ (ppm) 
a 126.94 
b 129.88 
c 128.92 
d 135.47 
e 39.18 
f 143.14 
g 129.05 
h 130.61 
i 129.08 
j 166.98 
k 52.22 
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4.6.17 Synthesis of 4-14 
1 M LiOH·H2O (0.086 g in 9 mL H2O, 2.05 mmol) was added to a round bottom flask. 4-
13 (0.582 g, 2.25 mmol, 1.1eq.) was added in THF (10 mL) and the reaction stirred 
overnight at room temperature. THF was removed and the solution was then brought to a 
pH of 3 using a 1 M HCl solution. The precipitate was collected by vacuum filtration to 
yield a white solid. The solid was purified using column chromatography on the 
CombiFlash with a solvent system of 5 % MeOH in CHCl3 (3 CV up to 5%) (Rf(starting) = 
0.96 and Rf(product) = 0.23 for 4% MeOH in CHCl3). Solvent was removed to yield a white 
solid (0.435 g, 87%). MP: 177 – 178 °C.  
S
O
OHa
b c
d
e
f
g h
i
j
k  
Table 4.26: 1H NMR data for 4-14 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a - c 7.30 – 7.19 m 5 - 
e 4.14 s 2 - 
g 7.36 d 2 3Jgh = 8.4 
h 8.01 d 2 3Jhg = 8.4 
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Table 4.27: 13C NMR data for 4-14 in CDCl3 at 75 MHz.  
Carbon δ (ppm) 
a 127.06 
b 130.56 
c 129.08 
d 135.36 
e 39.29 
f 144.23 
g 129.11 
h 130.73 
i 128.14 
j 171.41 
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4.6.18 Synthesis of 4-15 
4-12 (0.150 g, 0.398 mmol) and 4-14 (0.097 g, 0.398 mmol) were placed in a Schlenk 
flask and evacuated and backfilled (3x). The solids were then dissolved in CHCl3 that had 
N2 blown though it (15 mL). DCC (0.415 g, 1.59 mmol, 4 eq.) was added followed by 
nBu3P (8 drops, ~50 mg). The reaction was then refluxed. The reaction was monitored by 
NMR. More nBu3P was added on day 2 and day 4. The total reflux time was 1 week. 
Solvent was removed and resulting solid was dissolved in hot CHCl3 and precipitated out 
with Et2O. The solid was heated in MeOH to remove the excess DCC. The resulting 
neutral compound is slightly off white in colour (42 mg, 17%). The neutral product was 
suspended in 1 mL CH3CN and 2 equivalents of HBF4 in Et2O (9.86 mg, 16.71 μL) was 
added. The product dissolved so additional Et2O (~5x) was added to precipitate out 
needle shaped crystals of the protonated product [4-15][BF4] (28 mg). MP: 201 – 202 °C 
(neutral); 188 – 192 °C (protonated).  
N
H
N O
O
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g
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Table 4.28: 1H NMR data for 4-15 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  7.19 t 1 3Jab = 7.0 
b, c 7.23 – 7.29 m 4 - 
d 4.12 s 2 - 
e 7.33 d 2 3Jef = 8.5 
f 7.98 d 2 3Jfe = 8.0 
g  5.40 s 2 - 
h 8.08 d 2 3Jhi = 8.5 
i 8.19 d 2 3Jih = 7.0 
j 9.51 s 1 - 
k 7.41 m 2 - 
l' 7.70 d 2 3Jl'm' = 7.0 
l, m, 
m', n 
7.52 – 7.60 m 7 - 
n 7.47 t 1 3Jnm = 7.5 
 
Table 4.29: 1H NMR data for [4-15][BF4] in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  7.20 t 1 3Jab = 7.0 
b 7.27 t 2 3J = 7.5 
c 7.32 d 2 3Jcb = 7.0 
d 4.23 s 2 - 
e 7.45 d 2 3Jef = 8.5 
f 8.04 d 2 3Jfe = 8.5 
g  5.45 s 2 - 
h, l 7.73 – 7.76 m 6 - 
i 7.97 d 2 3Jih = 8.5 
j - - 2 - 
k 7.70 s 2 - 
m 7.64 t 4 3J = 7.5 
n 7.58 t 2 3Jnm = 7.0 
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4.6.19 Coordination of [4-15][BF4] to AgOTf 
[4-15][BF4] (1.21 mg, 1.98 µmol) and AgOTf (0.51 mg, 1.98 µmol, 1 eq.) were dissolved 
in CD3CN (1 mL) to form a 1 mM solution.  
N
H
H
N O
O
S
a
b
c
d
e
f
g
hi
j
k
l
m
n
BF4
 
Table 4.30: 1H NMR data for [4-15][BF4][AgOTf] in CD3CN at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a  7.20 t 1 3Jab = 7.0 
b 7.27 t 2 3J = 7.5 
c 7.32 d 2 3Jcb = 7.0 
d 4.23 s 2 - 
e 7.45 d 2 3Jef = 8.5 
f 8.04 d 2 3Jfe = 8.5 
g  5.45 s 2 - 
h, l 7.73 – 7.76 m 6 - 
i 7.97 d 2 3Jih = 8.5 
j - - 2 - 
k 7.70 s 2 - 
m 7.64 t 4 3J = 7.5 
n 7.57 t 2 3Jnm = 7.0 
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4.6.20 Synthesis of 4-16 
[4-11][BF4] (0.050 g, 0.108 mmol) and 4-5 (0.065 g, 0.108 mmol) were placed in a round 
bottom flask and CHCl3 (30 mL) was added. To dissolve the compounds, the solution 
was heated, sonicated and cooled. 4-10 (0.036 g, 0.138 mmol, 1.3 eq.) was then added 
followed by ZrCl4 (0.003 g, 0.129 µmol, 10%). A cap was placed on the flask and the 
reaction was stirred overnight at room temperature. Solvent was removed and the 
resulting oil was sonicated in diethyl ether to remove the excess capping agent (4-12). 
The solid was dissolved in CH3CN and filtered to remove any capped thread. Et3N (4 eq., 
0.054 mL) was added to the filtrate and the precipitate was collected. A 1H NMR spectra 
showed some monoprotonated rotaxane still present. The solid was then dissolved again 
in CH3CN and more Et3N was added. The oily solid was collected and then suspended 
and sonicated in hexanes to yield a pale yellow solid (0.053 g, 40%). MP: 228 – 231 °C. 
(neutral).  
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Table 4.31: 1H NMR data for 4-16 in CDCl3 at 500 MHz.  
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a, a' 7.34 m 4  
b 7.30 d 2 3Jbc = 7.5 
b' 7.50 d 2 3Jb'c' = 7.5 
c 7.62 d 2 3Jcb = 7.0 
c' 8.23 d 2 3Jc'b' = 7.0 
d, d' 7.44 m 8  
e 10.77 s 2 - 
f 8.58 s 4 - 
g 0.913 t 6 3Jgh = 7.5 
h 1.41 6 4 - 
i 1.60 p 4 - 
j 2.49 t 4 3Jji = 7.2 
k 3.78 s 4 - 
l 6.64 s 2 - 
m 3.86 t 4 3Jmn = 4.5 
n 3.44 s 4 - 
o, p 3.35 m 8 - 
q 3.23 t 4 3Jqr = 5.2 
r, s 2.89 s 8 - 
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Table 4.32: 13C NMR data for 4-16 in CDCl3 at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 127.51 o 69.26 
b 131.40 p 69.32 
c 128.38 q 69.68 
d 123.32 r 69.88 
f 128.69 s 70.24 
g 13.90 t 138.93 
h 22.22 u 121.80 
i 31.75 v 142.49 
j 32.10 w 152.55 
k 33.63 x 133.42 
l 114.17 y 147.03 
m 67.93 z 129.70 
n 68.72   
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Chapter 5: A [3]Rotaxane Ligand 
5.1 Introduction to [3]Rotaxanes 
 [3]Rotaxanes are of interest since additional chemistry and coordination can be 
observed compared to a [2]rotaxane since there are now three components. One example 
found in the literature (Figure 5.1), involves the formation of a [3]rotaxane with a 
bipyridinium axle and two DB24C8 macrocycles.1 An interesting feature of this 
[3]rotaxane is that there is potential for communication between the two binding sites 
since there is overlap between the aromatic rings of the crown ethers and the central 
aromatics of the axle.  
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Figure 5.1: An example of a [3]rotaxane with overlapping aromatic rings.1 
 In this chapter, we designed a [3]rotaxane with a benzimidazole recognition site 
which has the potential to undergo molecular switching through the addition of acid and 
base causing a conformational change (Figure 5.2). The coordination chemistry of the 
neutral version of this [3]rotaxane with various metal centers will be studied. The crown 
ethers have the potential to communicate like the example in Figure 5.1 as the 
macrocycles come together in the center of the molecule and could coordinate to the 
same metal center.  
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Figure 5.2: Target [3]rotaxane molecule for metal coordination studies. 
5.2 Synthesis of [3]Rotaxane Ligand 
 The synthesis of the axle precursor is outlined in Scheme 5.1 and followed a 
procedure similar to that performed previously within the Loeb group.2 The first step 
involved a nucleophilic substitution reaction of 4-hydroxybenzaldehyde with allyl 
bromide to yield 5-1 with a two allyl group side product. Since this side product would 
not further react in the next step, it was used without further purification in 1.1 
equivalents. This compound was then condensed with the diamine 4-10 and protonated 
with HBF4 to yield the desired precursor 5-2 in 42% yield.  
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Scheme 5.1: Synthetic route for axle 5-2. 
 To form the [3]rotaxane, the thioether crown ether and 5-2 were first dissolved in 
CH2Cl2 to form a [2]pseudorotaxane. In order to connect two of these [2]pseudorotaxanes 
together through metathesis, Grubbs II catalyst was added and the reaction refluxed to 
yield the desired [3]rotaxane. The [3]rotaxane was then neutralized with EtN3 to yield 5-3 
in 80% yield. The purity of 5-3 was confirmed through 1H NMR spectroscopy, 13C NMR 
spectroscopy, elemental analysis and the melting point which can be found in the 
experimental section.  
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Scheme 5.2: Synthetic route for [3]rotaxane. 
 The 1H NMR spectra of the diprotonated and neutral [3]rotaxanes can be seen in 
Figure 5.3. In the case of the [3]rotaxane, shuttling cannot occur for this system like in 
the [2]rotaxane case since both recognition sites are occupied but motion can still occur 
through conformational changes of the thioether crown ether through the addition of acid 
or base. In the diprotonated rotaxane, the wheel component will interact with the electron 
poor axle and form a C-shape conformation driven by π-stacking. When neutral, these 
interactions are no longer favourable and a change in the conformation of the macrocycle 
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occurs. The aromatic protons on the thioether crown ether appear at a chemical shift of 
6.16 ppm for the neutral species but shift to 6.06 ppm for the diprotonated species due to 
π-stacking. This π-stacking has been observed previously by Noujeim in a [3]rotaxane 
with DB24C8 and the same axle; see Figure 5.4 for the crystal structure of this 
[3]rotaxane.2 
 
Figure 5.3: 1H NMR spectra in CDCl3 of the neutral (top) and diprotonated (bottom) 
[3]rotaxane 5-3 (500 MHz, 300 K).  
 
Figure 5.4: Crystal structure of Noujein’s [3]rotaxane showing that the aromatic rings of 
the crown ethers π-stack with those of the axle forming a C-shape conformation.2 
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5.3 Coordination of [3]Rotaxanes to Metals 
 Metal coordination was tested with the [3]rotaxane ligand 5-3 using AgBF4, 
[Cu(CH3CN)4][BF4], RuCl2(DMSO)4, PtCl2(EtCN)2, and [Pd(CH3CN)4][BF4]2. The 
synthetic details for the preparation of these complexes can be found in the experimental 
section. Since we are just reporting preliminary studies of the coordination of a 
[3]rotaxane with various metal centers, only 1H NMR data was collected and no further 
purification of the complexes was attempted. Each of the 1H NMR spectra were obtained 
in CD2Cl2 and are shown in Figure 5.5. The bottom spectrum is of the free [3]rotaxane 
ligand. The aromatic protons of the crown ether appear at a chemical shift of 6.70 ppm 
while the –NH protons are at 10.87 ppm. These are the two resonances that undergo the 
major changes upon metal coordination.  
 
Figure 5.5: 1H NMR spectra in CD2Cl2 of ligand 5-3 and resulting complexes with AgI, 
CuI, RuII, PtII and PdII (500 MHz, 300 K). 
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 In the case of AgI, the [3]rotaxane becomes protonated as evidenced by a change 
in chemical shift of the –NH protons from 10.87 to 12.78 ppm. The aromatic protons on 
the crown ether shift upfield by 0.22 ppm. This is due to crown ether undergoing a 
conformational change as the ends of the axle become more electron poor and interaction 
with the crown ether becomes more favourable. It is therefore unclear if there is also a 
change in the chemical shift indicating that the ligand is coordinated to the AgI metal 
center.  
 For the RuII complexation, the aromatic region for the crown ether is located 
upfield from the original peak of the free ligand. The region is broad and contains 
multiple peaks. The –NH protons of the axle also experience a chemical shift from 10.87 
ppm for the free [3]rotaxane ligand to 12.74, 9.83 and 9.71 ppm. The highest chemical 
shift is characteristic of a protonated rotaxane. The other two chemical shifts are most 
likely due to the coordination of the RuII metal center to the [3]rotaxane ligand. There are 
multiple possibilities for the coordination such as a polymeric chain forming with the 
crown ethers of the rotaxane connecting to an adjacent rotaxane or the two crown ethers 
of a single rotaxane coordinating to single metal center. This second scenario is most 
likely the case since the protons of the core of the axle (at the double bond) also 
experience a change in chemical shift. The protons at the double bond shift downfield 
while the protons a carbon removed from the double bond shift upfield. This metal 
coordination is depicted in Figure 5.6 (a). Figure 5.6 (b) is of the crystal structure of the 
model ligand studied in Chapter 2. The complex has octahedral geometry with the two 
chloride ligands in a trans disposition and the four sulphur atoms coordinated to the metal 
center in the square plane (green line). The aromatic rings of the ligands (yellow lines) 
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are parallel to each other. It is presumed that the coordination environment for the RuII 
center in the [3]rotaxane complex is similar to that observed in this model complex. 
Unfortunately, all attempts to obtain single crystals for X-ray analysis yielded material 
unsuitable (quality or size) for such an experiment. 
 
Figure 5.6: (a) One of the possible [3]rotaxane metal coordination complexes, utilizing a 
RuII metal center and (b) crystal structure of the model ligand with RuII showing that 
coordination of the ligands occurs in the equatorial plane of an octahedral geometry. 
 The signals in the 1H NMR spectrum of the PtII complex are broad. The –NH 
protons shift similar to those of the RuII complex with one additional peak observed. This 
peak is located at the same chemical shift as the free ligand. Since the PtCl2 fragment is 
unlikely to bridge the two crown ethers a number of different PtCl2S2 complexes are 
likely to have formed.  
 In the case of the complexes with the CuI and PdII metal centers, the 1H NMR 
spectra become very broad and identification of any discrete complex is very difficult to 
discern due to the broadness and overlapping of the peaks.  
 Since the major focus of this thesis has been AgI complexes, we wanted to take a 
better look at the complexation between the [3]rotaxane and AgOTf and chose a more 
favourable solvent for the metal; CD3CN. The 1H NMR spectra of the free ligand and the 
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metal complex are shown in Figure 5.7. The solubility of the [3]rotaxane is poor in 
CD3CN but upon the addition of AgOTf, the solution becomes clear as the complex 
dissolves fully. Unfortunately and previously observed, the presence of AgI causes the 
[3]rotaxane to become protonated as observed by the change in chemical shift for the –
NH protons from 10.94 to 12.81 ppm. Two sets of peaks for the thioether crown ether are 
now also observed. The aromatic protons shift from 6.65 to 6.21 and 6.53 ppm and the 
nBu protons both shift and double. This is caused by the coordination of the AgI metal 
center to the [3]rotaxane but since there are two sets of peaks only half of the ligand is 
coordinated. This is most likely due to sterics since in the protonated species, the crown 
ether is in a C-conformation around the end of the electron poor axle. This would leave 
little room for all of the sulphur atoms to interact with the AgI ion without breaking the 
favourable π-stacking interacts. This metal coordination is depicted in Figure 5.8 (b). It 
was observed in chapter 2 that the thioether crown ether ligand coordinates to AgI in a 
tetrahedral fashion as shown in Figure 5.8 (a). Thus it is likely that only one chelate 
group of the crown ether can coordinate to the AgI center leaving the other two 
coordination sites open for solvent or anion molecules. 
 
Figure 5.7: 1H NMR spectra in CD3CN of neutral [3]rotaxane ligand 5-3 (bottom) and 
coordinated to AgI (top) (500 MHz, 300 K). 
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Figure 5.8: One of the possible [3]rotaxane metal coordination, in this case utilizing a AgI 
metal center. 
5.4 Discussion and Conclusions 
 A [3]rotaxane containing two thioether crown ethers was successfully synthesized 
and characterized. The coordination complexes of this [3]rotaxane with various metals 
were investigated using 1H NMR spectroscopy. In the AgI complex, protonation of the 
[3]rotaxane was observed and characteristic changes in the chemical shift indicated that 
the ligand did in fact coordinate to the metal center but only half of the sulphurs 
coordinated as two sets of peaks were observed. Since in the protonated [3]rotaxane the 
crown ether forms a C-shape conformation, coordination at each end was proposed. In 
this proposed structure, only two of the four sulphur atoms coordinate at each end. In the 
RuII complex, a [3]rotaxane complex formed utilizing adjacent thioether crown ethers 
coordinating to the same metal center around the core of the rotaxane is proposed as a 
possible product since the protons of the core of the axle experience a change in chemical 
shift. 
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5.5 Experimental 
 
5.5.1 General Comments 
 All reagents and starting materials were purchased from Aldrich Chemicals or 
TCI America and used without further purification. Metal complexes were prepared 
according to the literature procedures.3 Deuterated solvents were obtained from 
Cambridge Isotope Laboratories and Aldrich and used as received. Solvents were dried 
using an Innovative Technologies Solvent Purification Systems. Column chromatography 
was performed using Teledyne Ultra-Pure Silica Gel on a Teledyne Isco CombiFlash-Rf 
instrument. 1H NMR spectra were recorded on a Bruker Avance 500 spectrometer 
operating at 500.13 MHz at 300 K. 13C NMR experiments were recorded on an 
Ultrashield Bruker Avance 300 spectrometer operating at 75.47 MHz at 300 K. 1H, 1H-
COSY 2D experiments were recorded on an Ultrashield Bruker Avance 300 spectrometer 
operating at 300.13 MHz. Elemental analysis was performed on a Perkin Elmer 2400 
Series II CHNS/O Analyzer operating in CHN mode. The samples were combusted  in tin 
capsules and weighed with a Perkin Elmer AD-6 Autobalance.  
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5.5.2 Synthesis of 5-1 
4-hydroxybenzaldehyde (9.525 g, 0.0780 mol) and K2CO3 (53.900 g, 0.390 mol, 5 eq.) 
were dissolved / suspended in acetone (300 mL). Allyl bromide (37.746 g, 27 mL, 0.312 
mol, 4 eq.) was added and the reaction refluxed overnight. The solvent was removed. The 
product was extracted with hexanes and ethyl acetate (hexanes not overly soluble so ethyl 
acetate was needed). The solution was washed with water, then 1M HCl, then a saturated 
NaCl solution. The organic layer was dried with MgSO4. Solvent was removed. To purify 
the product a column on silica gel was ran on the Combiflash with a solvent system of 
9:1 hexanes / ethyl acetate. TLC showed 3 spots at Rf = 0, 0.146, and 0.293 where the 
product had the highest Rf value. The first fraction was collected and solvent removed. 
The compound was dissolved in ethyl acetate and a solid was precipitated out with 
hexanes. Solvent was removed to yield a slightly dirty red-orange oil (2.026 g, 16%).  
O
O
a
b c d
e
f
 
Table 5.1: 1H NMR data for 5-1 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 9.86 s 1 - 
b 7.82 d 2 3Jbc = 8.5 
c 7.00 d 2 3Jbc = 9.0 
d 4.61 t of d 2 3J = 5.5, 1.5 
e 5.99 – 6.08 m 1 - 
fa 5.42 q of d 1 3J = 17.3, 1.5 
fb 5.32 q of d 1 3J = 10.8, 1.5 
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5.5.3 Synthesis of 5-2 
4-10 (1.152 g, 4.425 mmol) and 5-1 (0.861 g, 5.309 mmol, 1.2eq.) were dissolved in 
CHCl3 (70 mL). ZrCl4 (0.103 g, 0.442 mmol, 10%) was added and the reaction was 
stirred at room temperature for 2 days. TLC data showed that starting material was still 
present so more ZrCl4 (0.050 g) was added and the reaction was stirred for 3 additional 
days. After this time, the reaction was filtered and solvent removed. The resulting red-
orange oil was washed with Et2O and filtered. The filtrate was collected and solvent 
removed on a rotary aspirator. The resulting solids were dissolved in CH3CN, heated and 
then allowed to cool. Orange solids were collected and were almost clean by 1H NMR 
spectroscopy. The solids were then dissolved in CH2Cl2 and washed with a sodium 
bicarbonate solution. Solvent was removed to yield a clean yellow-orange solid (0.902 g, 
42%). The product was dissolved in Et2O and HBF4 in Et2O was added to protonate the 
product resulting in a beige solid (0.915 g, 42%). Mp 161 – 165 °C. Elemental Analysis: 
Calculated for [C28H23N2OBF4]: C, 68.59; H, 4.73; N, 5.71. Found: C, 65.94; H, 4.86; N, 
5.76. 
a
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Table 5.2: 1H NMR data for [5-2][BF4] in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.55 t 2 3Jab = 7.0 
b, c 7.61 – 7.67 m 8 - 
d 7.58 s 2 - 
e 11.66 s (br) 2 - 
f 7.96 d 2 3Jfg = 9.0 
g 6.63 d 2 3Jgf = 8.5 
h 3.95 d 2 3Jhi = 5.0 
i 5.73 – 5.81 m 1 - 
ja 5.23 s 1 - 
jb 5.20 s 1 - 
 
Table 5.3: 13C NMR data for [5-2][BF4] in CDCl3 at 125 MHz.  
Carbon δ (ppm) 
a 127.12 
b 129.88 
c 128.63 
d 129.40 
f 129.49 
g 112.41 
h 68.78 
i 130.89 
j 115.47 
k 134.67 
l 131.78 
m 128.02 
n 150.26 
o 118.54 
p 163.01 
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5.5.4 Synthesis of 5-3 
[5-2][BF4] (0.100 g, 0.204 mmol) and 2-17 (0.350 g, 0.408 mmol) were placed in a 
schlenk flask and evacuated and backfilled three times. Dry dichloromethane (10 mL) 
was added followed by Grubbs II catalyst (0.017 g, 20.4 µmol, 10%). The reaction was 
then refluxed for 3 days. The reaction was checked by 1H MNR spectroscopy and since 
there was a small amount of starting material, 2% more catalyst was added (3 mg) and 
the reaction was refluxed another day. After this time, solvent was removed was removed 
on the rotary aspirator. The resulting solid was washed with Et2O and dissolved in 
CH3OH. The solution was then filtered and 0.3 mL of Et3N was added to the filtrate. The 
resulting precipitate was collected and dried to yield a neutral [3]rotaxane as a white solid 
(0.203 g, 80%). Mp 111 – 115 °C. Elemental Analysis: Calculated for [C142H184S8O18N4]: 
C, 68.45; H, 7.44; N, 2.25. Found: C, 68.04; H, 7.57; N, 2.86.  
a
b
c
d
e
f g h
i
k
l
m n o p O
O
O
O
S
Bu
S
O
O
O
O
S
Bu
S
Bu
H
N
N
O
O
N
N
HO
O
O
O
S
Bu
S
O
O
O
O
S
Bu
S
Bu
1
2
3 4
5
6
7
8
9
10
11
a'
b'
c'
d'
 
 
  234 
 
Table 5.4: 1H NMR data for 5-3 in CDCl3 at 500 MHz. 
Proton δ (ppm) Multiplicity # of protons 3J (Hz) 
a 7.10 s 4 - 
b, b', d 7.19 m 10 - 
c 7.49 s 4 - 
c' 8.54 d 4 3Jcb = 7.0 
d' 7.57 d 2 3Jdd = 8.0 
e 10.85 s 2 - 
f 8.81 d 4 3Jfg = 8.5 
g 6.89 d 4 3Jgf = 8.5 
h 4.61 s 4 - 
i 6.16 s 2 - 
1 2.85 d 16 3J = 72.5 
2 3.52 d 16 3J23 = 24.5 
3 3.93 d 16 3J32 = 22.0 
5 6.70 s 8 - 
7 3.82 s 16 - 
8 2.53 t 16 3J89 = 7.5 
9 1.62 p 16 - 
10 1.42 6 16 - 
11 0.923 s 24 3J1110 = 7.5 
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Table 5.5: 13C NMR data for 5-3 in CDCl3 at 75 MHz.  
Carbon δ (ppm) Carbon δ (ppm) 
a 128.12 1 69.26 
b 129.54 2 68.24 
c 128.48 3 67.89 
d 126.97 4 147.43 
d' 126.83 5 113.97 
f 128.57 6 133.48 
g 114.13 7 33.77 
h 68.89 8 32.24 
i 131.77 9 31.79 
k 139.09 10 22.24 
k' 138.47 11 13.90 
l 122.97   
l' 122.71   
m 142.49   
n 153.35   
o 125.11   
p 160.15   
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5.5.5 Reaction of 5-3 with AgI 
AgBF4 (4 mg, 19.5 µmol) was dissolved in MeOH chilled to 0°C. 5-6 (13 mg, 5.22 µmol) 
was added and the reaction stirred at 0°C for 2 hours wrapped in foil. The colourless 
solution became cloudy with a white precipitate. The precipitate was collected as the 
product. For 1H NMR data in CD2Cl2 at 500MHz, see Figure 5.4. For 1H NMR data in 
CD3CN at 500MHz, see Figure 5.6. 
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5.5.6 Reaction of 5-3 with CuI 
Cu(CH3CN)4BF4 (6 mg, 19.1 µmol) was dissolved in acetone. 5-6 (13 mg, 5.22 µmol) 
was added and the reaction stirred for 2 hours. The colorless solution turned a pale yellow 
upon the addition of the ligand. Solvent was removed to yield the product. For 1H NMR 
data in CD2Cl2 at 500MHz, see Figure 5.4.  
  
  238 
 
5.5.7 Reaction of 5-3 with RuII 
RuCl2(DMSO)4 (10 mg, 20.6 µmol) and 5-6 (13 mg, 5.22 µmol) were placed in a schlenk 
flask and were evacuated and backfilled (3x). The solids were then dissolved in 
anhydrous MeOH (5 mL) and dry CH2Cl2 (enough to dissolve the ligand < 1 mL). The 
reaction was then refluxed under N2 overnight. The pale yellow solution darkened to a 
golden yellow throughout the reaction. The reaction was then filtered to remove the 
solids and solvent was removed to yield the product. For 1H NMR data in CD2Cl2 at 
500MHz, see Figure 5.4. 
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5.5.8 Reaction of 5-3 with PtII 
PtCl2(EtCN)2 (7 mg, 18.6 µmol) was dissolved CH3CN. 5-6 (13 mg, 5.22 µmol) was 
added and the reaction was refluxed for 2 hours. The colourless solution became cloudy 
with a white precipitate. Solvent was removed and 5 mL of cold Et2O was added to the 
residue. The resulting off white solid was collected as the product. For 1H NMR data in 
CD2Cl2 at 500MHz, see Figure 5.4. 
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5.5.9 Reaction of 5-3 with PdII 
Pd(CH3CN)4(BF4)2 (9 mg, 20.3 µmol) was dissolved CH3CN. 5-6 (13 mg, 5.22 µmol) 
was added and the reaction was refluxed for 2 hours. The orange solution darkened when 
heated as the ligand dissolved and reacted. Solvent was removed and 5 mL of cold Et2O 
was added to the residue. The resulting bright orange solid was collected as the product. 
For 1H NMR data in CD2Cl2 at 500MHz, see Figure 5.4. 
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Chapter 6: Summary and Conclusions 
 The focus of this thesis was the design, synthesis and characterization of 
interpenetrated and interlocked molecules utilizing a new crown ether with appended 
sulphur donors and the study of these compounds as potential ligands for coordination to 
transition metal centers. Model crown ethers, [2]rotaxanes, [2]pseudorotaxanes, and 
[3]rotaxane ligands were investigated.  
 Chapter 2 first describes the coordination chemistry of a model thioether ligand 
with a series of metal complexes (ReI, PtII, RuII, AgI). We wanted to initially understand 
how the thioether ligands would coordinate to various types of metals with different 
geometric preferences. Coordination was monitored through changes in 1H NMR spectra 
as the protons on the carbon adjacent to the sulphur experience a downfield shift when 
bonded to a metal ion. Some of these metal complexes yielded crystalline material 
suitable for single crystal X-ray diffraction. This revealed that the two adjacent sulphur 
atoms were capable of chelation to a single metal center. Analogous thioether crown 
ether ligands with four sulphur donors were then also synthesized and characterized along 
with their coordination to the same set of metal ions. The same basic coordination was 
observed as for the model thioether ligands and these new thioether crown ether ligands 
were utilized throughout this thesis as the wheel component in various rotaxane ligands. 
 Chapter 3 focused on [2]rotaxanes containing the thioether crown ethers 
synthesized in the previous chapter. The use of [2]rotaxanes as ligands is of interest since 
a metal-organic framework (MOF) material formed with this type of ligand would be 
interpenetrated due to the interlocked nature of the rotaxane. Coordination of the 
tetradentate [2]rotaxane ligand to AgI resulted in a 1D coordination polymer with a zig-
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zag conformation in the X-ray structure as the sulphur atoms of two different 
[2]rotaxanes coordinated to a single silver atom. The hexadentate [2]rotaxane ligand with 
S-donors on both the axle and wheel yielded a coordination polymer with a unique 
interwoven architecture when coordinated to AgI.  
 In chapter 4, the design, synthesis and characterization of an unsymmetrical 
[2]pseudorotaxane was described. The original bispyridinium recognition site used in the 
previous study yielded poor results due to low complexation ability. This lead to a change 
in ligand design and the use of a benzimidazolium recognition site on the axle. A 
[2]pseudorotaxane was synthesized and through the addition of acid and base, the 
threading and unthreading of the macrocycle was controlled. It was thought that the 
addition of a AgI metal center might cause a shift in the equilibrium in favour of the 
products by way of a “threading of the needle” mechanism and formation of a 
[1]rotaxane. Although exposure to AgI resulted in protonation of the axle, VT NMR 
studies showed that complexation to AgI may occur via the desired “needle and thread” 
motif. However, no unambiguous structural data could be obtained to verify this 
hypothesis. In an effort to circumvent this problem a permanently interlocked [2]rotaxane 
could be studied since unthreading would not be possible in this case. However, the idea 
of “threading the needle” is lost.  
 The last chapter focused on the synthesis and coordination of a [3]rotaxane 
ligand. The addition of AgI caused the neutral [3]rotaxane to become protonated but there 
was also evidence that coordination occurred and a possible structure was proposed. 
More interestingly, coordination to RuII appeared to have the potential of forming a 
[3]rotaxane complex with two RuII ions bridging the two crown ethers together in a 
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unique interlocked environment along the track of the axle. Studying the coordination of 
the neutral [3]rotaxane is of interest since without the favourable interactions of the 
crown ether with the recognition site there is a much higher chance of the two 
macrocycles undergoing internal molecular motion and switching controlled by internal 
coordination to a metal ion.  
 Future studies on the coordination capabilities of these unique interlocked ligands 
might include forming mixed donor systems for coordination to multiple or different 
metals. For example, an axle can be synthesized with terminal nitrogen donors rather than 
sulphur resulting in the potential for the [2]rotaxane to bind to different metals. One such 
[2]rotaxane which has been synthesized contains a bis(2-pyridylmethyl)amine group as 
the stopper as shown in Figure 6.1. This ligand should be able to form structures similar 
to those in chapter 3. In this case though, the sulphur atoms can coordinate to AgI while 
the nitrogen atoms could coordinate to a different metal center such as CdII or ZnII thus 
forming an interwoven mixed metal coordination polymer.  
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Figure 6.1: (a) Chemical structure and (b) X-ray crystal structure of the [2]rotaxane with 
sulphur donors on the wheel and nitrogen donors on the axle. Colour key: yellow = 
sulphur; red = oxygen; blue = nitrogen; black = carbon; white = hydrogen. 
 Another system which can be formed involves the benzimidazole recognition site 
studied in chapter 4 and 5. If pyridine was used instead of simple phenyl groups, mixed 
metal systems with a more rigid axle than the one just mentioned might be formed. The 
proposed structure is outlined in Figure 6.2. In this case there are four sulphur donors 
which can chelate to AgI metal centers while the four nitrogen atoms on the axle form 
pillars as they coordinate to CdII or ZnII metal centers. In the six donor [2]rotaxane 
ligands studied in chapter 3, coordination of both the axles and macrocycles occur at a 
binuclear AgI center. This formed a 2D network which contained both axle and wheel. In 
this suggested new system, the ‘hard soft acid base principle (HSAB)’ could drive the 
selectivity; coordination of AgI to the sulphur atoms and CdII or ZnII to the nitrogen 
atoms. This might result in two different 2D networks, one comprised of AgI and the 
thioether crown ethers and the other of CdII or ZnII and the benzimidazole axle. These 
two different 2D networks would be then also be interpenetrated due to the interlocked 
nature of the [2]rotaxane ligands; a hitherto unknown interweaving motif for ligands in a 
crystalline lattice.  
b) 
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Figure 6.2: Proposed [2]rotaxane for mixed metal coordination with the thioether crown 
ether and a benzimidazole recognition site.  
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Appendix A: Crystallographic Data 
General Experimental Details for Single Crystal X-Ray Diffraction 
 The single crystals were frozen in paratone oil inside a cryoloop at 173.3 K. 
Single crystal data was collected from a Bruker APEX diffractometer using a Moκα 
source at λ = 0.71073. Reflection data was integrated from frame data obtained from 
hemisphere scans with a CCD detector. The SHELXTL library of programs1 was used for 
X-ray solutions. Ball-and-stick and space-filling models were generated using the 
DIAMOND2 and POV-Ray3 programs.  
 
1. G.M. Sheldrick, Acta Crystallogr. Sect. A, 2008, 64, 112.  
2. Putz, H. and Brandenburg, K. DIAMOND 3.2 – Crystal and Molecular Structure 
Visualization, Crystal Impact GbR, Kreuzherrenstr. 102, 53227 Bonn, Germany 
(www.crystalimpact.com/diamond).  
3. Persistence of Vision Raytracer (POV-Ray) 3.6.1, Persistence of Vision Pty, Ltd., 
Williamstown, Victoria, Australia, 2004 (www.povray.org).   
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Table A.1: Crystal Data Collection, Solution and Structure Refinement Parameters for 
Single Crystal Structure Determinations of Chapter 2. 
Compound [2-1] [ReBr(CO)3(2-2)] [PtCl2(2-1)] 
Formula C48H60S8 C152H208Br8Re8O24S16 C80H72Cl8Pt4S8 
Formula Weight 893.44 5061.02 2353.82 
Crystal System orthorhombic monoclinic monoclinic 
Space Group P212121 P21/c C2/c 
T (K) 173.0(2) 173.0(2) 173.0(2) 
a (Å) 5.7636(6) 16.003(2) 24.632(4) 
b (Å) 12.607(1) 10.606(1) 12.436(2) 
c (Å) 22.282(3) 26.169(3) 15.206(2) 
α (°) 90 90 90 
β (°) 90 92.115(1) 124.18(1) 
γ (°) 90 90 90 
V (Å3) 1619.1(3) 4438.6(9) 3853.4(10) 
Z 1 2 2 
ρ (gcm-3) 0.916 3.787 2.029 
µ (mm-1) 0.299 14.958 7.78 
Reflections 18830 44807 17432 
Data / Variables / 
Restraints 
3790 / 99 / 0 9068 / 473 /0 4382 / 226 / 0 
R1 [I > σ(I)] 0.0433 0.0517 0.0448 
R1 (all data) 0.0474 0.0599 0.0481 
wR2 [I > σ(I)] 0.1162 0.1301 0.1225 
wR2 (all data) 0.1196 0.1451 0.1340 
GoF (F2) 0.917 1.159 1.132 
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Table A.2: Crystal Data Collection, Solution and Structure Refinement Parameters for 
Single Crystal Structure Determinations of Chapter 2 and 3.  
Compound [RuCl2(2-2)2] [Ag(2-16)[OTf]]n {3-4[OTf]2} 
Formula C32H44RuCl2S4 C53H57AgF3O115S5 C102H106F6N2O18S6 
Formula Weight 728.93 1203.16 1954.25 
Crystal System monoclinic monoclinic Triclinic 
Space Group P21/n P21/c P-1 
T (K) 173.0(2) 173.0(2) 173.0(2) 
a (Å) 13.724(4) 15.618(2) 10.904(3) 
b (Å) 7.912(2) 17.187(3) 11.354(3) 
c (Å) 16.189(4) 20.336(3) 20.964(5) 
α (°) 90 90 79.252(3) 
β (°) 90.429(3) 103.436(2) 82.166(3) 
γ (°) 90 90 68.125(3) 
V (Å3) 1757.8(8) 5309.1(13) 2360.1(9) 
Z 4 4 1 
ρ (gcm-3) 1.392 1.505 1.375 
µ (mm-1) 0.856 0.647 0.227 
Reflections 12999 49742 21770 
Data / Variables / 
Restraints 
3601 / 180 / 0 9350 / 667 / 0 8258 / 604 / 0 
R1 [I > σ(I)] 0.0433 0.0933 0.1173 
R1 (all data) 0.0723 0.1670 0.2107 
wR2 [I > σ(I)] 0.0840 0.1751 0.2183 
wR2 (all data) 0.0928 0.2053 0.2628 
GoF (F2) 1.014 1.058 1.121 
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Table A.3: Crystal Data Collection, Solution and Structure Refinement Parameters for 
Single Crystal Structure Determinations of Chapter 3.  
Compound {[Ag(3-4)][OTf]3(CH3CN)32}n {(3-12)[OTf]2(CH3CN)4} 
Formula C135H154AgF9N18O21S7 C112H110F6N2O18S8 
Formula Weight 2868.05 2142.49 
Crystal System triclinic triclinic 
Space Group P-1 P-1 
T (K) 173.0(2) 173.0(2) 
a (Å) 15.816(4) 13.796(8) 
b (Å) 22.698(6) 14.279(8) 
c (Å) 23.108(6) 15.730(9) 
α (°) 105.126(4) 80.073(7) 
β (°) 106.269(4) 86.579(7) 
γ (°) 101.241(4) 71.591(7) 
V (Å3) 7359(3) 2896(3) 
Z 2 1 
ρ (gcm-3) 1.294 1.228 
µ (mm-1) 0.316 0.226 
Reflections 69470 29679 
Data / Variables / 
Restraints 
25777 / 1276 / 57 12242 / 712 / 56 
R1 [I > σ(I)] 0.0808 0.0952 
R1 (all data) 0.2040 0.1239 
wR2 [I > σ(I)] 0.1670 0.2913 
wR2 (all data) 0.2089 0.3064 
GoF (F2) 0.737 2.013 
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Table A.4: Crystal Data Collection, Solution and Structure Refinement Parameters for 
Single Crystal Structure Determinations of Chapter 3.  
Compound {[Ag6(3-16)2(OTf)6(CH3CN)2 
(CH3OH)2][OTf]4(CH3CN)4}n 
Formula C236H294Ag6F30N10O56S22 
Formula Weight 6089.35 
Crystal System monoclinic 
Space Group P21/c 
T (K) 173.0(2) 
a (Å) 15.351(3) 
b (Å) 33.035(6) 
c (Å) 26.510(5) 
α (°) 90 
β (°) 102.652(3) 
γ (°) 90 
V (Å3) 13117(4) 
Z 2 
ρ (gcm-3) 1.542 
µ (mm-1) 0.712 
Reflections 108342 
Data / Variables / 
Restraints 
20589 / 1609 / 730 
R1 [I > σ(I)] 0.1644 
R1 (all data) 0.4363 
wR2 [I > σ(I)] 0.2390 
wR2 (all data) 0.4936 
GoF (F2) 1.647 
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Appendix B: Copyright Permission 
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Copyright Permission 
I, D. Mercer, give N. Frank permission to use the results and ideas in Chapter 3 in her 
doctoral dissertation. I worked closely with N. Frank as a phD candidate under the 
supervision of S. Loeb 
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